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die de zeer geconcentreerde monsters maakten, was het onderzoek in hoofdstuk 6 
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Zonder de ondersteuning van Klaas van Hulst en Jan van Bentum was dit nooit 
mogelijk geweest. 
Some foreign scientists have made their contribution to this thesis. Pradip Mascha-
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Chapter 1 
Introduction to EPR in 
Biochemistry 
1.1 Electron transfer in proteins 
Enzymes are used in biological systems to catalyze biochemical reactions at ambient 
conditions. For this purpose redox enzymes must have the capability to handle the 
flow of electrons that are involved in the reaction. The most basic form are redox 
proteins that only have the capability to transport electrons. More complex enzymes 
are involved in biochemical redox reactions where they stabilize substrate interme-
diates. Both these reactions involve a change in redox state of the active site that 
usually consists of a single transition metal ion or a cluster of metal ions. In some 
cases an organic radical is used for this purpose. For a good understanding of the 
redox reaction it is essential to follow the electronic behavior of the active site. 
The electron spin resonance techniques provides a unique possibility to study 
molecules with one or more unpaired electrons. These states must inevitably occur 
in intermediates of redox reactions. Following the Pauli principle electronic orbitals 
are filled with the electrons paired spin up and spin down. Only when there remain 
unpaired spins a detectable property exists that can be measured. Placed into an 
external magnetic field the unpaired electron spins will show a measurable interaction 
with this field and the detection of this interaction forms the basis of electron spin 
resonance. 
An important role in electron transfer is played by the transition metals present 
in biomolecules. Among this group of ions found in living organisms several pos-
sess unpaired electrons resulting in an electron spin that is detectable with electron 
spin resonance [1]. Examples are vanadium, manganese, iron, cobalt, nickel, copper, 
molybdenum and tungsten. Properties of these elements are listed in table 1.1. 
In addition to these single ions also clusters are formed consisting of several metal 
ions. Well known are the iron/sulfur clusters where iron atoms are linked via sulfur 
atoms. Combinations that have been found in nature are the [2Fe-2S], [3Fe-4S] and 
[4Fe-4S] centers [2]. In some cases the iron atoms are linked with an oxygen bridge 
as found in ribonucleotide reductase and methane monooxygenase. 
9 
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A second method of controlling electrons in biological systems is the use of or-
ganic free radicals. Free radicals are very reactive and potentially harmful in living 
organisms. However, in some biological reactions stable free radicals are used to drive 
reactions like the reduction of ribonucleotides to deoxyribonucleotides [3]. Another 
example is the dark stable radical (Y¿) in photosystem II. A variety of electron spin 
resonance techniques have proved to be an indispensable tool for the study of these 
systems. 
Electron spin resonance (ESR), also known as electron paramagnetic resonance 
(EPR) or sometimes called electron magnetic resonance (EMR), measures the inter-
action of an unpaired spin with a magnetic field. Nearby magnetic interaction from 
other nuclei will manifest themselves in the behavior of the electron spin and can be 
detected. For this reason electron spin resonance is a valuable tool for the study of 
these redox centers where it can provide information about the electronic structure 
surrounding a redox site. 
1.2 Magnetic resonance 
Placed into an external magnetic field the electron spins will align themselves along 
the direction of this field (up) or against the magnetic field (down), (the electronic 
Zeeman interaction). The energy difference, ΔΕ, between these two levels is given 
by: 
bE = geßBB (1.1) 
in which ge is the free electron p-value, μ# the Bohr magneton and В the external 
magnetic field. 
Detection of this energy level difference forms the principle of magnetic resonance 
spectroscopy. The standard method is continuous-wave EPR where microwaves of a 
certain frequency are irradiated at a sample while the magnetic field is swept. At the 
resonance condition part of the microwaves will be absorbed thus forming the EPR 
signal. This is in contrast with nuclear magnetic resonance where the gyromagnetic 
ratio is much smaller. There the frequency is swept with a constant magnetic field. 
More sophisticated methods are pulsed EPR, where the electron-spin echo is influ­
enced by nearby nuclei, or electron nuclear double resonance where radio frequencies 
are used to detect small interactions. In this study we will focus on the unpaired spin 
in paramagnetic metal centers and free radicals in biological systems and demonstrate 
some of the possibilities of advanced EPR techniques. 
Hyperfine interaction 
The magnetic field surrounding the electron does not only arise from the external 
magnetic field but also from the nucleus and nearby nuclei that possess a magnetic 
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moment. The influence of nearby magnetic nuclei is denoted with the general term 
hyperfine interaction. The two main types of hyperfine interaction are the anisotropic 
(dependent on the orientation of В with respect to a molecular axis), through space, 
dipole-dipole interaction between the magnetic moments of the free electron and the 
nucleus, and the isotropic (orientation-independent) Fermi contact interaction be­
tween the electron and nuclear spin. 
For an EPR transition (ΔτηΑ = 1) the dipolar hyperfine interaction is approxi­
mately described by: 
Adip = 4 ? r f e 2 r 3 (1 - 3co5 Θ) (1.2) 
in which θ is the angle between the magnetic moments and r the distance between 
the two dipoles. The other constants used in this equation are: ge the free electron 
¿/-value, дм the nuclear p-value, μβ the Bohr magneton, μ^ the nuclear magneton 
and μο the vacuum permeability. For randomly orientated samples (powders, frozen 
solution) this will lead to the typical spectrum, called Pake doublet, in which the 
singularities are determined by A± and A\\. A typical example of such a spectrum 
can be found in figure 7.4 were deuterium ENDOR spectra of a tyrosyl radical are 
shown. The additional splitting in these spectra is caused by the nuclear quadrupole 
splitting of the deuterium nuclei. 
A second hyperfine interaction is the Fermi contact interaction that will arise from 
the non-zero probability of finding the electron at the place of the interacting nucleus 
(Ф(0) φ 0). This isotropic hyperfine interaction is approximately given by: 
А і а о = _ 2 ^ в м ^ о | ф ( 0 ) | 2 ( 1 3 ) 
In addition to the hyperfine interaction, nuclei with nuclear spin equal to or greater 
than one (ƒ > 1 like for instance 1 4 N , 2 H, 1 7 0 , see table 1.1) also possess a nuclear 
quadrupole moment leading to an additional interaction. The complete spin Hamil-
tonian for an electron spin interacting with for instance a nitrogen atom is described 
by: 
nsp = μΒΒ0 -g-S- gNμNBo ·I + S · A·I+ 1 -Q-1 (1.4) 
in which μβΒο · g · S is the electronic Zeeman term, <7JVA*JV#O · I the nuclear Zeeman 
term, S-A-I the hyperfine interaction and I-Q-I the nuclear quadrupole interaction. 
Ligand coordination 
Information that can be obtained from the hyperfine interaction will provide insight 
about the type of nucleus, the spin density and/or the distance of the nucleus to the 
electron. For paramagnetic centers in biomolecules this concerns knowledge about 
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the ligands of this center and about cofactors or substrates that are associated with 
this paramagnetic center. Biologically relevant nuclei that have a magnetic moment 
are for instance protons (I = \) and nitrogens (1 = 1). Of other relevant nuclei 
in biomolecules, like carbon and oxygen, only one of the (rare) isotopes possesses a 
magnetic moment making it necessary to use isotope enriched samples. In table 1.1 
an overview is presented of the most common nuclei that can be investigated with 
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Table 1.1: Isotopes with a magnetic moment relevant for electron spin resonance on 
biological samples. Left column ligand atoms and in the right column transition metals. 
will be visible in the form of line splitting. Small hyperfine interactions will not be 
resolved in the EPR spectrum and only lead to an inhomogeneous line broadening 
of the EPR line. For these systems more sensitive techniques have been developed 
like electron nuclear double resonance (ENDOR)[4, 5] and electron spin echo envelope 
modulation (ESEEM) [6] for resolving these weak interactions. 
From the above formulas it can be seen that some interactions are magnetic field 
dependent (Zeeman interaction) while others are magnetic-field independent (hyper­
fine, quadrupole interaction). The possibility to do the measurements at different 
magnetic-field settings will therefore be a powerful tool to separate these different 
interactions from each other. Although the magnitude of the external magnetic field 
is also changed the name multi-frequency is mostly used because EPR spectrometers 
are classified according to the microwave frequency involved. In practice changing the 
operating microwave frequency involves switching to a different spectrometer. 
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Figure 1.1: The microwave frequency bands between 1 and 200 GHz. Typical wavelengths 
(free space) have been indicated. 
Multi-frequency E P R 
In the development of EPR equipment a compromise has been sought between sen­
sitivity and availability of microwave components. Also dimensional aspects of the 
resonator as determined by the microwave wavelength have influenced the design. As 
a result, X-band (8 - 12.4 GHz) became the standard frequency range for EPR instru­
mentation. The first application of microwave components was in RADAR. Therefore, 
the names of the frequency bands that are used in EPR are those of the RADAR fre­
quency bands. In figure 1.1 an overview is presented of the microwave frequency 
bands most commonly used in EPR with some common wavelengths indicated. 
For the study of samples of biological origin which have often a low spin con­
centration X-band spectrometers were primarily used because they have the highest 
sensitivity. In some cases Q-band EPR spectrometers were successfully used. Higher 
frequencies have been available for a long time but until recently found little appli­
cation to biological samples. The benefits that can be obtained by going to higher 
frequencies are the increased resolution of the spectrum [7] and the possibility to ex­
cite transitions that cannot be reached with low-frequency EPR. Early papers that 
describe some of the possibilities of high-frequency EPR are the millimeter-wave stud­
ies of hemoglobine by Alpert et al. [8] and far-infrared magnetic resonance studies by 
Brackett et al of Fe(III) and Mn(III) in various systems [9]. 
1.3 Electron Spin Resonance 
The first successful magnetic resonance experiment of an unpaired electron spin was 
described in 1944 by Zavojskij, In the following 50 years electron spin resonance 
(ESR) or also called electron paramagnetic resonance (EPR) has developed into a 
sensitive technique for the study of free radicals and paramagnetic ions. With this 
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method information can be obtained about the direct chemical surrounding of the 
unpaired electron spin. 
Often the weak interactions (hyperfine, quadrupole) with these nuclei are not well 
resolved in the EPR spectrum itself. A number of techniques have been developed 
especially aimed at measuring these weak interactions. Two of these techniques, 
electron-spin echo envelope modulation (ESEEM) and electron nuclear double reso­
nance (ENDOR) that have been used in this work, will be briefly described here. 
1.4 Pulsed EPR: echo-envelope modulation 
After the first successfully detected nuclear-spin echo by Hahn in 1950 [10], Blume 
was the first in detecting an electron-spin echo in 1958 [11]. The general principle 
of such an echo is shown in figure 1.2. In an external magnetic field the netto spin 
magnetization M is parallel to the z-axis. A 90° pulse along the x-axis turns the 
magnetization along the y-axis. The spins will now start a precession movement 
around the z-axis and dephase during this process. A second 180° pulse after a 
waiting period τ inverts the precession of the spins leading to the formation of a 
spin-echo after time r. This echo formation is identical for both nuclear and electron 
spins. A variant of this two-pulse sequence is the three-pulse stimulated echo sequence 
where the spins are prepared via two 90° pulses and refocused after a third 90° pulse 
(figure 1.3). 
The overall amplitude of the electron-spin echo produced with the two-pulse se­
quence decays due to spin-spin relaxation time T2 while for the three-pulse stimulated 
echo the spin-lattice relaxation Τχ is involved. Rowan et al. [6] showed that the in­
tensity of the electron-spin echo did not only decay with the spin-relaxation but was 
also dependent on the interval r between the pulses. This discovery led to the phe­
nomenon of electron-spin echo envelope modulation (ESEEM). This effect is based 
on the interaction of a nearby nucleus with the electron spin. The magnetic field 
Beff at the nucleus I consist of the resultant of the static external magnetic field Bo 
and the dipole field generated by the electron Β<ΗΡ. After the first microwave pulse 
the dipole field of the electron at the interacting nucleus is altered leading to a new 
effective field B£ff (see figure 1.4). This will lead to a precession movement of the 
nuclear spin around this new effective field. This precession of the nuclear spin will 
lead to a time-dependent magnetic field that will interact with the magnetic moment 
of the electron spin. 
In general, the influence of the modulated field from the nucleus on the electron 
spins after the first pulse will differ from the conditions during refocusing of the echo. 
As a result the echo will not be refocussed completely. Only when this interaction 
of the nucleus during the first period r is equal to the interaction during refocusing 
the resulting echo will be maximal. This will be the case for τ equal to ^- in which 
ηΒ is the precession frequency of the nucleus and 7 the gyromagnetic ratio of the 
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Figure 1.2: The two-pulse echo sequence. On top the behaviour of the electron spin 
magnetization in the reference frame during the pulse sequence is depicted. The first 
pulse brings the magnetization along the y-axis (a). The spins start to dephase in the 
xy-plane (b). After the second 180° pulse (c) the spins refocus back along the y-axis to 
an echo (d). 
25 
2 2 2 
TT 
Figure 1.3: The three-pulse stimulated echo sequence. Also the so-called eight-ball echo 
as the result of the first two 90° pulses and the refocused (negative) eight-ball echo are 
shown in the stimulated echo sequence. 
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Figure 1.4: Classical representation of dipolar interaction of an electron spin S with a 
nuclear spin I. The precession movement around the new effective field B^ff will result in 
a modulated field on electron spin S. This will result in a modulated echo intensity. At 
the right side a typical ESEEM trace in the time domain and the corresponding spectrum 
after Fourier transformation are shown. 
nucleus. The amplitude modulations of the electron-spin echo are thus determined 
by the ENDOR frequencies of the interacting nuclei [12]. In the three-pulse sequence 
the waiting period Τ between the second and third pulse is increased leading to the 
same modulations of the echo intensity. 
The usually longer relaxation time Ti with respect to T2 and corresponding in­
creased number of modulations leads to sharper ESEEM Unes in the three-pulse spec­
tra. A drawback of the three-pulse spectra is, however, the occurrence of so-called 
blind spots. Nevertheless, for the experiments described in this work mostly the 
three-pulse sequence was used in order to obtain sharper ESEEM lines. 
For the interaction of an electron spin with S = \ and ƒ = 1 nuclei analytical 
expressions for the intensity have been derived by Mims [13, 14]. A simulation pro­
gram (MR2) based on these expressions was used to compare simulations of powder 
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Hyperfine sublevel correlation spectroscopy (HYSCORE) 
Often, the number of ESEEM lines or the broad nature of these lines present in 
the one-dimensional stimulated echo ESEEM spectrum prevents a complete assign­
ment. By inserting a 180° inversion pulse between the second and third pulse of the 
stimulated ESEEM sequence and stepping up in both Τ χ and T2, a two-dimensional 








—τ- - τ — 
Figure 1.5: Pulse sequence of a HYSCORE experiment. Usually a short inversion pulse 
in combination with soft selective 90° pulses are used to minimise the contributions from 
the three-pulse echo. 
A classical description for a HYSCORE experiment of a, S = ^ j — λ system is 
given in figure 1.6. After the preparation sequence § — τ — | , the nuclear spins are 
precessing around the new effective field B'ej^ which is B~ for Beff = B
+ and B + for 
Beff = B~ with Larmor frequencies ω~ = ηηΒ~ and ω
+ = ηηΒ+ (figure 1.6a). The 
180° inversion pulse changes the effective field back to the original direction (Β"^ = 
BeJgr, figure 1.6b). Now the precession of the nuclear spins is changed back around 
the original effective field with an amplitude that depends on the position of the spin 
at the moment of the inversion pulse. Thus, by stepping up T2 the / + spins give rise 
to a;4" modulations with an intensity depending on the time Ti which is modulated 
with ω~. After Fourier transformation in both directions peaks will thus appear at 
the positions (ω+,ω~) and (ω~,ω+) in the two-dimensional spectrum, correlating the 
ESEEM lines ω' and ω+. 
The first application of a two dimensional ESEEM technique was described by 
Höfer [15] for the squaric acid radical. For single crystals where each site gives rise 
to a complete set of ESEEM lines the resulting one-dimensional spectrum is often 
too complicated to unravel. With the use of HYSCORE techniques only correlations 
between manifolds of one nucleus will be present in the two-dimensional spectrum. 
This will usually make an assignment of the ESEEM spectra possible. 
For powdered systems with large anisotropic hyperfine interaction broad over-
lapping ESEEM lines can be separated into two dimensions with HYSCORE spec-
troscopy [16]. In this way it was possible to identify ligands bounded to paramagnetic 
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Figure 1.6: Classical description of the echo modulation pattern in a HYSCORE exper­
iment. The preparation sequence § — τ — § turns the electron spins to S', inducing 
the nuclear precession ω+ and ω" around B + and B~ (a). The inversion pulse flips the 
electron spins back to S" the precession of the nuclear spins is now around the original 
effective magnetic field with an amplitude determined by T i (b). 
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centers under conditions far away from "exact cancellation". The quadrupole param-
eters obtained this way enabled the identification of the ligand. Some experiments are 
for instance, the coordination of histidine to the iron-sulfur cluster in Rieske type clus-
ters [17] or the identification of a histidine near the active site in Fe-only hydrogenase 
[18]. 
Multi-frequency ESEEM 
The availability of various microwave frequencies for carrying out pulse experiments 
has several advantages. One of them we shall demonstrate for a case of one electron 
interacting with one nucleus with 7 = 1 (e.g. 14N), a situation often occurring in 
biological systems. In figure 1.7 an energy level diagram is shown accounting for the 
Zeeman, the hyperfine and the quadrupole interaction (see equation 1.4). In general 
six ESEEM lines are expected for such a system. By choosing the right microwave 
frequency it possible to adjust the Zeeman interaction to the hyperfine interaction in 
such a way that those two interactions cancel each other for one of the manifolds. Of 
this cancelled manifold the remaining quadrupole interaction will lead to three sharp 
lines indicated in figure 1.7 as UQ , i/_ and v+. 
For the other manifold usually one broad line will be observed for the transition 
between the two outer levels, the double quantum line v¿q. Technically, the term 
double-quantum line is incorrect for this feature but the term is widely used for this 
transition in ESEEM spectroscopy. The two other lines will be broadened beyond 
detection due to the anisotropic interactions. 
This idea was first used by Peisach who measured the imidazole interaction in the 
copper protein stellacyanin [19, 20]. In this way he found that the remote nitrogen 
of the imidazole ring coordinated to the Cu(II) ion has a hyperfine interaction in 
the order of 2 MHz. This means that the condition of exact cancellation is attained 
at an external magnetic field of 3.2 kG. Such a field can be obtained at normal X-
band frequencies. If the hyperfine interaction is smaller or larger than 2 MHz it is 
advantageous to have the disposal of several microwave frequencies so that also in 
these cases complete (or nearly complete) cancellation can be reached. 
The intensity of the quadrupole ESEEM lines are determined by the orientation 
of the quadrupole tensor with respect to the ^-tensor. By selecting a limited number 
of orientations information can be obtained on the orientation of the quadrupole in 
the frame of the ^-tensor. When the orientation of the g-tensor in the molecular 
framework and the orientation of the quadrupole tensor within the ligand is known 
structural information about the coordination can be obtained. This technique has 
been applied to a number of copper complexes and to myoglobin [21, 22, 23, 24]. In 
chapter 5 a systematic approach for such systems is presented with application to 
copper bleomycin and model complexes for bleomycin. 
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Figure 1.7: Energy diagram for a / = 1 nucleus at exact cancellation with an isotropic 
hyperfine interaction. A typical spectrum of such a system is given at the right side 
(Cu(ll)Bleomycin at 6.9 GHz, figure 5.5). The double quantum line (уло) of the un­
canceled manifold is split in this case due to a slight anisotropy of the hyperfine interac­
tion. 
Phase cycling 
The application of three 90° pulses will lead to more than one echo. In general a 
sequence of η pulses will lead to the appearance of 3 n _ 1 — 2 n _ 1 echos [25]. These 
unwanted echos will disturb the modulation pattern of the echo-envelope decay. Phase 
cycling of the pulses is used to change the sign of the unwanted echos. Addition of 
the decays will then produce the undistorted echo envelope decay. For an overview of 
phase cycling in pulsed EPR see Gemperle et ai [26]. 
1.5 Electron Nuclear Double Resonance (ENDOR) 
The technique of electron nuclear double resonance is based on the principle that 
EPR transitions are influenced by the simultaneous irradiation of the nuclear spin 
system. This effect was first observed by Feher in 1956, who applied it to phosphorous 
doped silicon. Thereafter this double resonance technique, called ENDOR, has been 
developed into a sensitive technique for probing the surrounding of paramagnetic ions 
in biological systems. 
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Figure 1.8: The energy level diagram of an S=l/2, 1=1/2 system with the corresponding 
ENDOR spectrum. At the upper right corner the ENDOR spectrum for small hyperfine 
interaction is shown while the spectrum for large hyperfine interaction is shown below. 
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Continuous wave E N D O R 
For continuous wave ENDOR an EPR transition is saturated with microwave irradi­
ation and the intensity of the line is monitored while NMR transitions are induced 
with RF irradiation [5]. An energy level diagram for an S = ^, I = \ system is shown 
in figure 1.8. When the nuclear transitions vn + A/2 or vn — A/2 are induced the 
change in spin population will result into a change of the EPR responce. The type of 
ENDOR spectrum obtained depends on the magnitude of the Zeeman and hyperfine 
interaction. For a small hyperfine interaction (compared to the Zeeman interaction) 
the ENDOR lines will be centered around the nuclear Larmor frequency while for 
the other situation {A/2 > vn) the lines are centered around A/2. These spectra are 
schematically shown in figure 1.8. 
The interactions recorded with ENDOR spectroscopy are identical to those mea­
sured with ESEEM spectroscopy. While ESEEM measurements are relatively more 
sensitive in the lower frequency region (0 - 10 MHz) ENDOR measurements will be 
better suited for strongly coupled systems (> 5 MHz). 
Pulsed ENDOR 
Soon after the development of pulsed EPR a pulsed version of ENDOR spectroscopy 
was demonstrated. After the preparation period of the electron spins a RF pulse 
is applied followed by a detection sequence. The ENDOR response is measured as 
a reduction of the electron-spin echo height. The two pulse sequences (figure 1.9) 
most commonly used are the so called Mims sequence [27] (^ - r — f — RFpulse — 
f - τ - echo) and the Davies sequence (π - RFpulse — Ç — τ — π - τ — echo) [28]. 
Later, more complicated sequences were published (See Schweiger for an overview 
[29]) but these sequences found little application so far to biological systems. There 
are several advantages of pulsed ENDOR compared to continuous wave ENDOR. In 
cw-ENDOR a balance has to be created between saturation and relaxation of the 
electron and nuclear spins, which is often difficult to find. The optimal ENDOR 
response is therefore dependent on several interacting experimental conditions. 
For pulsed ENDOR only an electron-spin echo has to be created that has suffi­
ciently long spin-lattice relaxation. Optimalization of this single experimental param­
eter with the temperature is thus less complicated compared to cw-ENDOR. Also, the 
ENDOR response with pulsed methods is larger compared to that in CW techniques, 
(up to 50% echo reduction in Mims ENDOR). 
A drawback of pulsed ENDOR techniques is the limited hyperfine selectivity. For 
Mims ENDOR the maximum hyperfine coupling that can be detected is determined 
by the resonator dead time (see section 7.2). For Davies ENDOR there is a lower limit 
to the detectable hyperfine interaction as a result of the limited length of the first 
microwave pulse [30]. For hyperfine couplings not measurable with the Mims or the 
Davies method remote echo detection can be used [31]. However, these restrictions 
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Figure 1.9: Pulse sequences of the microwave and rf channel in pulsed ENDOR. Top: 
Mims sequence, bottom: Davies sequence. 
can be used as an advantage as well by selecting strongly coupled nuclei ( 1 3 C, 1 4 N , 
5 7Fe) from the more weakly coupled protons. 
1.6 Outline of this thesis 
The multi-frequency approach in this thesis has been utilized in two ways. For pulsed 
EPR applications the microwave frequency range was varied between 4 and 10 GHz 
(C-band, X-band) to match the Zeeman interaction with regard to the hyperfine 
interaction to obtain the "exact-cancellation" condition. In continuous-wave EPR 
experiments the microwave frequency is increased into the millimeter wave region 
(130 GHz, 2 mm) where high-spin systems and organic radicals have been studied. A 
short description of the experiments carried out is given below. 
• A high-frequency EPR spectrometer especially suited for biological samples has 
been build using an existing 130 GHz microwave bridge. The properties of this 
spectrometer and the first applications are discussed in chapter 2 and 3. 
• The application of high-frequency EPR to high-spin systems showed promis­
es for the study of zero-field interactions. The unusual behavior of the so-
called double-quantum transition in triplet systems (Ni 2 + ) was measured at 
high-frequency. Improvement in equipment is needed to obtain sufficient sensi­
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• The optimum frequency for ESEEM studies depends on the strength of the hy-
perfine interaction versus the nuclear Zeeman interaction. For copper complexes 
(Cu(II)Bleomycin, chapter 5) the small hyperfine interaction from remote nitro­
gens requires a microwave frequency in the C-band region to achieve cancellation 
of both interactions. 
• The Η-cluster, an iron-sulfur cluster with 3-6 iron atoms that forms the active 
site in Fe-only hydrogenases, was studied with two-dimensional pulsed EPR 
(HYSCORE). Two types of ligands to the Η-cluster were identified: a histidine 
that was bound to the Η-cluster in the inactive state and one or two cyanides 
as a non-protein group (chapter 6). 
• The active site of the ribonucleotide reductase R2 protein consists of a diiron 
cluster in combination with a tyrosyl radical. Previous high-frequency EPR 
studies had already shown a difference in the g\ value between different species. 
With the use of pulsed Q-band ENDOR the hydrogen bond responsible for this 
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Chapter 2 
A High-Frequency E P R 
spectrometer 
2.1 Advantages of High-Frequency Electron Spin 
Resonance 
Historically the development of EPR has led to X-band (8-12 GHz) as the standard 
frequency of EPR spectrometers. This has been the result of the compromise between 
sensitivity and the availability of microwave components. Measuring at much higher 
frequencies offers, however, some advantages compared to conventional EPR.1 
Several reviews by Lebedev [1, 2], Brunei [3], and Allgeier [4] have been published 
the last 10 years that provide an excellent overview of high-frequency EPR and the 
applications. The advantages of HF-EPR can be summarized with the following 
points: 
Increased spectral resolution 
The linewidth in EPR spectra of proteins is a combination of several effects. A 
microwave-frequency independent part resulting from small unresolved hyperfine in-
teractions of weakly coupled nuclei. Additional to this line broadening there is the 
microwave frequency dependent ^-strain broadening mechanism [5]. Plotting the 
linewidth versus the microwave frequency makes it possible to separate both con-
tributions. For as long as the linewidth increases less then linearly with the magnetic 
field the resolution of the spectra will improve at higher microwave frequency. 
A successful application of high-frequency EPR has been the determination of g-
tensors with small anisotropy in organic radicals. At X-band, the ^-tensor anisotropy 
of the radical is too small to be detected with conventional EPR. It has been demon-
strated that by increasing the microwave frequency the resolution of the EPR spec-
trum was indeed improved. Among the organic radical systems that have been stud-
ied extensively are the tyrosyl radical present in ribonucleotide reductase [6, 7, 8] and 
1In the literature both terms high-frequency and high-field EPR are used. Because the microwave 
frequency is fixed in EPR spectrometers we prefer the term high-frequency EPR. 
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photosystem II [9]. At X-band the spectrum is dominated by the 20 G hyperfine inter­
action from the /3-methylene protons. Increasing the microwave frequency/field leads 
to a rhombic spectrum dictated by the y-tensor with additional splittings caused by 
the protons. Other radicals in biological systems that have been studied with HF-EPR 
are found in apogalactose oxidase [10]. 
Sensitivity 
Theoretically, absolute sensitivity and concentration sensitivity should both increase 
with microwave frequency. For equal filling factor and microwave power the sensitivity 
increases proportial by UJJ (see chapter 14 in [11]). In practice, technical limitations 
like lower quality factor Q of the resonator and lower incident microwave power at 
shorter wavelengths prevent a real increase in absolute sensitivity. So far the lowest 
number of spins that could be detected was 4- 107 spins/Gauss for a cylindrical 
resonator at 150 GHz [2]. For most other spectrometers mentioned in that work the 
reported sensitivity was much lower, i.e. 1 Ί 0 1 0 - 1 Ί 0 1 2 spins/Gauss. 
For a constant sample volume the minimum detectable number of spins is pro­
portional to ωΌ thus when the amount of sample is the limiting factor in signal 
intensity, which is often the case for submillimeter crystals from proteins, HF-EPR 
will definitely provide ал increase in sensitivity. See, for instance, the W-band single 
crystal studies of azurin [12, 13]. 
High-spin systems 
The zero-field splittings that occur in high-spin systems (5 > 1) often exceed the 
excitation energy of the microwave quantum at low frequency EPR (X-band: hv 
= 0.3 c m " 1 ) . High-frequency EPR has a corresponding higher microwave quan­
tum (W-band: 3 cm" 1 ) making it possible to study all EPR transitions in such 
systems. Successful high-frequency EPR experiments have been demonstrated for 
Ni(H)complexes (S = 1) [14] (see chapter 4), methemoglobin (S = §) [15] and man-
ganese(III)porphyrins (5 = 2) [16] Simulation studies of lipoxygenase (5 = | ) [17] 
illustrated the power of high-frequency EPR, in particular the multi-frequency ap­
proach when there is a distribution in rhombicity of the zero-field splitting. Most 
of these systems studied so far are model complexes or small proteins prepared in 
high concentration. The often low concentration of the biological interesting species 
in combination with the low spectral density has prevented a widespread use of this 
technique. An increase in sensitivity will thus lead to a more wide use of HF-EPR 
for biological high-spin systems, in particular for the variety of iron-sulfur clusters 
present in nature. 
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High-frequency (pulsed) E N D O R 
A few groups have developed high-frequency ENDOR spectrometers [18, 19]. There 
axe several advantages when ENDOR spectroscopy is performed at higher microwave 
frequency and corresponding higher magnetic field. In the first place there is in­
creased resolution due to the increase in nuclear Larmor frequencies. Different nuclei 
of isotopes of the same nucleus will thus be better resolved in the spectrum. 
ENDOR lines are centered around the nuclear Larmor frequency with lines at 
vn =b \A for vn > \^A\ and centered around \^A\ with ENDOR lines at \A ± vn for 
\\A\ > vn. The latter situation may lead to more difficult to interpretate spectra 
then the first situation. With the aid of high-frequency ENDOR the first situation is 
favoured. 
For ENDOR measurements on powders the orientation-selectivity of the ENDOR 
measurements will be enhanced due to the increased spectral resolution of the EPR 
spectrum. 
2.2 The 130 GHz EPR setup 
Several groups have developed a high frequency apparatus at W-band (95 GHz) [19], 
or D-band (130 GHz) with conventional waveguide techniques. Higher frequencies 
could be used for EPR using quasi-optical transmission techniques [20, 21, 22]. Re­
cently, high-frequency EPR spectrometers have become commercially available2. 
For the present work a high-frequency spectrometer has been employed with a 
130 GHz microwave bridge (V. N. Krymov, Donetskii physico-technichesii instituta). 
The bridge is based on a free running, fixed frequency source (130 GHz millimeter 
waves generated using an IMPATT oscillator amplifier) in combination with a fre­
quency tunable, single mode cylindrical resonator (TEon). A Bolometer (InSb) im­
mersed in liquid helium was used as microwave detector (see figure 2.1 for a schematic 
drawing of the bridge). 
Field modulations (20 kHz) were synthesized with the internal oscillator of a digital 
lock-in amplifier (Stanford Research Systems SR830) and amplified with a Quad 303 
audio amplifier. The signal of the Bolometer was detected after preamplification with 
the lock-in amplifier and stored in a computer via a 12 bit AD converter (National 
Instruments LPM16). 
A resistive Bitter magnet of the High Field Magnet Laboratory in Nijmegen was 
used to generate the appropriate fields («4.6 Τ for g = 2 at 130 GHz). The magnet 
(station III) has a bore of 60 mm and is capable of producing magnetic fields up to 15 
Tesla at maximum current (20 kA) [23]. The field setting was controlled by a voltage 
on the power supply. This voltage (0-10V) was generated by a GPIB controlled DAC 
2Bruker Analytik GmbH, BRD and Resonance Technologies Inc., Franklin NH, USA 







Figure 2.1: Schematic drawing of the D-Band microwave bridge. Mm-waves are generated 
as higher harmonics of an IMPATT oscillator, fed into the resonator via a circulator, after 
which they are mixed with the reference channel. 
converter. Field sweeps and data acquisition was controlled with the use of a PC 
running National Instruments Labview software. 
Sensitivity of the D-Band spectrometer 
To estimate the absolute spin sensitivity of the D-band spectrometer a sample of 
reagent grade magnesiumoxide was used (Baker Analyzed Reagent, lotnr: 533072). 
The EPR spectrum consists of two EPR signals, a strong single line originating pre­
sumably from defect centers at around ge and a signal from a M n
2 + impuritity con­
sisting of six lines. The concentration of this M n 2 + impurity was determined with 
Atomic Absorption Spectroscopy (Spectroflame-icp) at 0.003 % (w/w). If we assume 
that all the manganese measured with AAS contributes to the EPR signal of the 
M n 2 + the total amount of spins can be calculated. The internal volume of the sample 
tube is equal to 0.44 mm 3 and the density of powdered MgO is around 0.13 mg/mm3 
so the total number of detected spins is 2.2· 101 2. With a signal-to-noise ratio of 10 
(See figure 2.2) and a line width of 30 Gauss it follows that the minimum amount 
of spins that can be detected, with a S/N ratio of 1, is equal to 1-1010 spins/Gauss 
(corrected for six hyperfine lines). 
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Figure 2.2: HF-EPR spectrum of M n 2 + in MgO at room temperature. Experimental 
parameters: frequency, 129.97 GHz; microwave power, «0.5 mW; modulation, 3 G at 20 
kHz; time constant, 30 msec; room temperature. 
The Bi field in the resonator 
The effective microwave field B\ inside the cavity has been calculated with [11]: 
< Β ? > ο = 2 · 1 0 -
3 Ρ ^ ( ^ ) (2.1) 
in which Pw is the microwave power at the cavity (« 1 mW), QL is the quality factor 
of a loaded resonator (1000), Vw is the volume of a waveguide over one wavelength 
long (3.26 mm 3) and Vc is the volume of the cavity (43.1 mm
3 ). From these values 
the B\ field in the cavity was calculated with equation 2.1 yielding 1.2 · 10~2 Gauss. 
For the B\ field at the sample we need the filling factor η 
¡6.16 
Vs (U (2.2) 
for a cylindrical resonator. The ratio between the free space wavelength λ and the 
cutoff wavelength Лс was taken from [11] ((А/Лс)
2 = §). The sample volume Vs is 
0.48 mm3 from which a filling factor of 0.05 was calculated. Now we can use the 
general formula for the Βχ field at the sample 
< B\ >s= 2 W-*PWQLV^ (2.3) 
leading to 2.610" 2 G. 
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2.3 Rapid passage effects 
Due to the typical conditions used for high-frequency EPR, in particular low tempera­
ture in combination with a high microwave field in the resonator (#1), so called rapid 
passage effects are likely to occur. Perhaps the most important effect is the detection 
of a dispersion signal χ' instead of the usual derivative of the absorption signal ^ - . 
An overview of rapid passage conditions are given in Mailer et al. [24] based on the 
work by Portis3. 
Ammerlaan et al. [25] derived the formulas for the in-phase and out-of-phase 
components of the dispersion signal χ'. The in-phase component of the dispersion 
signal, XÓ, is given by: 
, ν^πχο^ο 
Хо(Ь) = — 5 1 e x P m c2 U+<-M - 2Ci + C2 + 
+ 4C x -C 2 -^ ì )ò?ò
2 
(2.4) 
Here the following quantities are used: field modulation, BmcosUmt with Bm mod-
ulation amplitude (0.5 mT) and u>m modulation frequency (20 kHz); microwave fre-
quency, ωο; spin lattice relaxation 7\ ;the external magnetic field, Bo (4.63 T); mi­
crowave field, Bi; and EPR linewidth AB,. Derived from these factors are: bi = 
Βχ/ΑΒ, b0 = BoIAB, b = (В - B0)/AB. The factors C n are described by an 
expansion fully explained by Ammerlaan et al. [25]. The relevant factors are: 
C 1 = e r f c ( - ^ ) e x p ( | ) (2.5) 
and 
C2 = b1yß+{l-til)C1. (2.6) 
For the in-phase dispersion signal three types of lineshapes are described depending on 
umTi. The three shapes are: the classical dispersion signal for a;mTi <̂C 1 (figure 2.3a), 
an intermediate form consisting of a negative absorbtion line with a positive dip when 
umTi « 1 (figure 2.3b) and the negative absorption line for u>mTi > 1 (figure 2.3c). 
For the tyrosyl radicals described in chapter 7 the spin-lattice relaxation time is 
around 50 ms at 5 К [26], so with the modulation frequency employed by us (20 kHz) 
we get the expected negative absorption lineshape. For presentation purposes the 
spectra will be numerically differientated to produce the usual derivative lineshape. 
3Only available as a technical note from the University of Pittsburgh (1955) 
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Figure 2.3: The change in dispersion line shape (in-phase signal χ'0) depending on the 
modulation frequency шт and spin-lattice relaxation Ti. a: ωηιΤι < 1, b: штТі « 1 
and с: umTx > 1). 
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Chapter 3 
Towards a High-Field EPR 
Facility1 
3.1 Introduction 
Transition metal EPR spectroscopy has been in use for over four decades to study 
the active sites of metalloproteins. The method provides information on atomic num-
ber, valence, symmetry, coordination, spin state, metal stoichiometry, metal-metal 
interactions. 
The generic term 'advanced EPR' refers to the application of special EPR tech-
niques to resolve weak hyperfine interactions with ligands and to measure strong zero-
field interactions in high-spin systems. In practical terms this typically means the use 
of pulsed techniques and/or the variation of the microwave frequency. Following up on 
our previous contributions to advanced EPR of metalloproteins (multi-frequency ES-
EEM and high-spin EPR), we have now started an endeavor to combine and broaden 
these methods with the development of ultra-high frequency EPR of metalloproteins. 
3.2 Methods 
A European collaboration has been initiated (European Commission TMR Program-
me, grant nr ERBFMGECT-950008) to explore the possibilities for biological EPR 
in the 0.1-1 THz frequency range. Two approaches are taken. Fixed, narrow-band 
frequency EPR is attempted both in continuous-wave and in pulsed configurations for 
very high resolution EPR. Secondly, lower-resolution broad-band EPR is attempted, 
e.g., for tunability into otherwise undetectable transitions. 
Here, we describe the first experimental results with two different setups, namely, 
a narrow-band and a broad-band configuration. The former consists of the following 
elements: a continuous-wave, fixed frequency (129.97 GHz) EPR D-band bridge with 
a single-mode, cylindrical, frequency-tunable T E Q H cavity (Krymov, Ukraine); a 15 
1 Slightly modificateci from P.J. van Dam, E. J. Reijerse, A. A. K. Klaassen, M. E. J. Boonman, 
P. J. M. van Benthum, J. A. A. J. Perenboom, W. R. Hagen in: Metal Ions in Biology and Medicine, 
4, 27-29 (1996) 
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Figure 3.1: experimental (top) and simulated (bottom) spectra of V 0 2 + . The X-band 
spectra (left) run from 250 to 450 mTf and the D-band spectra (right) run from 4640 to 
4940 mT. Note the complete separation of the perpendicular feature split into the eight 
hyperfine lines in D-band. 
Tesla water-cooled Bitter magnet (local homogeneity 10 ppm) directly powered by a 
6 MWatt power station; a home-built insert for cryogenic operations down to 4.2 K. 
This setup takes frozen solution samples in cylindrical quartz tubes of 0.6 mm outer 
diameter and 1 cm length. The second setup consists of: a Millimeter Vector Net­
work Analyzer (ABmillimetre, Paris) based on two phase-locked YIG oscillators (8-18 
GHz) with tunable multipliers covering a range 8-300 GHz; an oversized cylindrical 
resonator; a superconducting magnet (Oxford Instruments) for fields up to 17 Tesla 
(local homogeneity 10 ppm/cm3). This setup operates in a bath cryostat at 1.2-4.2 
K. 
3.3 D-band experiments 
As a spectroscopic model for biological low-spin systems with metal hyperfine inter­
action a frozen solution of V 0 2 + ( H 2 0 ) 5 (10 mM VOS0 4; 10 mM HCl; 2 M NaC104) 
was studied using a X-band (9.44 GHz) and D-band (130 GHz) spectrometer, and 
the spectra were computer-simulated and compared (figure 3.1). 
The X-band simulation of the absorption-derivative V4H~ axial spectrum (S=^, 
I = | ) required parameters g± = 1.97, #ц = 1.93; Aj_ = 7.4 mT, Ay = 19.9 mT with 
linewidth parameters Wj_ = 1.1 mT,W|| = 0.8 mT. The D-band absorption spectrum 
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Figure 3.2: Panel A: met myoglobin gx feature in D-band (1587 mT); panel B: linewidth 
(mT) as a function of the microwave frequency (log-log plot) from 1-400 GHz. Squares: 
our data, crosses data obtained by from Alpert et al. [2] 
was simulated with identical parameters, except for the linewidth, W i = 4.4 mT, 
W|| = 5.5 mT. The linewidth has increased by a factor of 4-7 while the frequency 
has increased 14 times. This implies a considerable increase in ¿/-resolution at higher 
frequency. 
Several experimental difficulties were encountered. The vanadium signal is easily 
saturated due to the very high intensity of the microwave magnetic field in these high-
frequency, single mode cavities. This readily results in absorption-shaped spectra due 
to rapid-passage conditions [1]. Also, the critical coupling of the cavity to the EPR 
bridge is difficult due to the strongly increased number and intensity of non-cavity 
reflections at high frequency. All in all the experiment indicates that high-resolution 
EPR of S = \ metalloproteins at high frequency is well feasible, however, with room 
for improvement in the tuning properties of the spectrometer. 
As a model for biological high-spin systems a frozen solution of metmyoglobin (10 
mM horse Mb in 200 mM potassium phosphate, pH 6.0) was studied. The g = 5.9 
perpendicular line from the S = § ferric heme was measured in the narrow-band D-
band spectrometer and its linewidth compared to data previously obtained at Q-, X-, 
S-, and L-band (figure 3.2). The experiment illustrates the usefulness of frequency 
variation. 
Alpert et al already did submillimeter EPR experiments on metmyoglobin in 1973 
[2]. We have included their linewidth data in figure 3.2b to demonstrate the linewidth 
dependency of metmyoglobine over the whole frequency range possible with EPR at 
this time. 
The result indicates that HF-EPR of high-spin metalloproteins in single-mode 
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cavities is practical, and this holds promise for the study of hitherto undetectable 
systems with large zero-field splittings (e.g., integer spin Fe 2 + -, Ni2+-enzymes). 
3.4 A broad-band experiment 
High-spin M n 2 + (5 = | , / = §) in СаСОз has a narrow linewidth resulting from un­
resolved zero-field interactions. This has been verified at high frequency with a super­
conducting magnet and a tunable source. Data were taken at four different microwave 
frequencies, namely, 85.3, 124.4, 151.0, and 178.9 GHz. The detected linewidth at 
these frequencies was 0.35, 0.39, 0.39, 0.41 mT, respectively. The linewidth only 
slightly increases when the (high) frequency is doubled. This first experiment indi­
cates that in specific cases very high resolution can be obtained and that frequency-
tunable EPR on a biological relevant d-block ion is feasible. This suggests to search 
for application of broad-band EPR to the complex spin multiplets found in many 
(very) high-spin metalloproteins. 
3.5 Synopsis 
An initial set of hf-EPR experiments is described on (spectroscopic models of) met­
alloproteins. Many aspects of a technical nature still remain to be addressed. Many 
types of metalloprotein systems still remain to be tested. However, with the first 
steps made, it is timely for biologists and spectroscopists to start contemplating on a 
myriad of possible applications. 
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Chapter 4 
High-IVequency E P R on 
Integer Spin Systems1 
4.1 Introduction 
High-frequency EPR spectrometers (y > 95 GHz) have been developed in several lab-
oratories worldwide [1, 2, 3, 4]. In comparison with conventional EPR spectrometers 
(X-band, 9 GHz, and Q-band, 35 GHz) these spectrometers provide increased resolu-
tion of the EPR spectra [5, 6] or high-resolution ENDOR spectra [7]. Until now few 
investigations have appeared that demonstrated the usefulness of these spectrometers 
for high-spin systems with large zero-field splitting (ZFS) parameters, which can not 
be studied with conventional low-frequency EPR [8, 9]. We have used multi-frequency 
EPR to study an integer spin system of Ni(II). Triplet powder spectra of nitrogen co-
ordinated Ni(II) compounds have been described by Reedijk et ai [10]. For those 
systems with ZFS parameters of intermediate magnitude only incomplete spectra at 
Q-band were obtained. To demonstrate the usefulness of high-frequency EPR in the 
case of large zero-field splittings we studied the complex of Ni (II) doped into a host 
of[Zn(en)3](N03)2 [11,12]. 
Ni2+ cations are part of biological systems for instance the Ni (II) tetrapyrrole 
cofactor F430 in methylcoenzyme M reductase. The six-coordinated Ni (II) of the 
cofactor has spin 5 = 1 but is EPR silent at conventional frequencies [13] due to the 
large ZFS. High-frequency EPR would be a useful tool to accurately measure the ZFS 
parameters of this system. As a spectroscopic model complex for these type of nickel 
systems we have studied a powder of Ni(II) doped Zinc tris(ethylenediamine)dinitrate, 
[Zn(en)3](NC>3)2. We have detected a strong 'double-quantum' Une in the powder 
triplet spectra of this Ni(II) complex at a frequency of 130 GHz. The unusual behavior 
of this line is compared to data available in the EPR literature on double-quantum 
transitions. 
1This is an extended version of P.J. van Dam, A.A.K. Klaassen, E.J. Reijerse and W.R. Hagen 
(1997) Application of High Frequency EPR to Integer Spin Systems: Unusual Behavior of the Double-
Quantum Line. J. Magn. Res. 130, 140-144 
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4.2 Experimental 
Purple crystals of Ni(II) doped into Zn(en)3(N03)2 were grown as described by Sreera-
machandra Prasad and Subramanian [11] with a nickel concentration of 4%. Crystals 
were crushed to a finely divided powder in order to simulate a frozen solution, and 
put into quartz capillaries (o.d. 0.6 mm, i.d. 0.4 mm). 
The high-frequency EPR spectrometer is based on a free running fixed frequency 
source in combination with a frequency tunable single mode cylindrical resonator 
(TEon). Millimeter waves are generated using higher harmonics of a dielectric res­
onator stabilized transistor oscillator at 8 GHz. These 130 GHz harmonics were 
further amplified via an injection-locked IMPATT amplifier. A Bolometer (InSb) 
immersed in liquid helium was used as microwave detector. A wide bore (60 mm) 
resistive Bitter magnet of the High Field Magnet Laboratory in Nijmegen that is ca­
pable of generating fields up to 15 Τ was used for the magnetic field [14]. This type 
of magnets allows to sweep the full field range in a few minutes. Field modulation 
and phase-sensitive detection was applied at 20 kHz using a digital lock-in amplifier 
(SRS 830) and a Quad 303 audio amplifier. 
4.3 Theory 
For a basic triplet system without hyperfine interaction the spin Hamiltonian is given 
by 
Hsp = βΒ - g · S + D [S
2
Z - S(S + l)/3] + E (Si - S¡) (4.1) 
in which D and E determine the principal elements of the traceless zero-field tensor 
( X = D/3 + Ε, Y = D/3 - Ε, Ζ = -2D/3). The spectra of randomly oriented triplet 
systems have been described extensively [15, 16, 17], and are basically determined by 
the powder pattern of the single quantum Ams = 1 transitions, the single quantum 
Am3 = 2 line, also called Hmin line or half field line and the double quantum Arns = 
1 + 1 line. For this double-quantum line an intermediate level is required and thus 
the triplet levels must be at equidistant separation. 
Simulations of the powder patterns of triplet spectra have been included in our 
work. These simulations were constructed as follows. A program was written for 
5 = 1 along the lines outlined in the classical paper by Wasserman et al [15]. The 
procedure involves exact diagonalization of the energy matrix that corresponds to 
the Hamiltonian of equation 4.1 for an increasingly refined grid of B0-values until 
the resonance condition is met for a given pair of energy levels hv = AE. The 
new state vectors are calculated and from these the transition probability. Finally, 
the stick positions of the resonances are convoluted with a symmetric Gaussian in 
magnetic-field units (truncated at 0.1 % intensity). We have previously used this 
approach to simulate 5 = 2 powder patterns [18]. The present program also affords 
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the powder pattern of the double-quantum transition by the following procedure. 
For each molecular orientation the calculated Gaussian for the two regular Am = 1 
transitions (in high field notation |+1>, |0> and |0>,|-1>) are compared. Whenever 
the two truncated Gaussiane have a finite overlap their product is stored separately 
as the intensity of the double-quantum transition except for an overall scaling factor. 
Once the two powder patterns for the regular spectrum and for the double-quantum 
spectrum have been generated the scaling factor is determined by adjusting their sum 
to fit the experimental amplitudes. 
Apart from the transition probability, the intensity of the double-quantum fine 
is also determined by its spectral density, i.e. the number of orientations where the 
condition of equidistant levels is fulfilled. 
Analytical solutions for the nuclear quadrupole resonance (1 = 1) eigenvalue prob­
lem have already been derived by Muha [19]. These formulas have been adapted for 
electronic triplet systems, replacing the nuclear quadrupole parameters К and η by 
the ZFS parameters D and E (К = D/Ζ,η = 3E/D). If we include the condition 
that the two transitions have the same energy difference, i.e. are excited at the same 
moment, the solution for the orientations (θ,φ) is2: 
cos2θ + cos20 + ï—sin29cos2<t) = ^ - I 1 - ( ^ ) 1 ( -^— ) . (4.2) -вгп»соз«р= — ^ - ^ J )\^щ) -
In the absence of rhombicity (E = 0) this equation simplifies to 
2D2 
3cos2e - 1 = ^. (4.3) 
9(gßB)2 
The number of orientations that have equidistant levels is proportional to sin θ and 
thus the intensity of the double quantum line (Idq) is proportional to: 
^ Ч з д а ) 2 · ( 4 · 4 ) 
For large magnetic fields (gßB > D) the maximum number of orientations that 
contribute to the double quantum line will occur at the magic angle θ = 54.7° with 
respect to the molecular z-axis. 
4.4 Results 
A previous single crystal Q-band EPR study of [Ni:Zn(en)3](N03)2 has yielded the 
zero-field parameters (D = -0.832 cm" 1 , E = 0 c m - 1 with gx = gy = 2.156, gz = 
2 A more extensive treatment can be found in the appendix 
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2.181) at room temperature [12]. Sreeramachandra Prasad and Subramanian [11] 
reported a larger isotropic g-value of 2.20 but our powder spectra, below, are in 
agreement with the values from Wilson et ai [12]. At low temperature, 146 К, a 
phase transition introduces a rhombic distortion of the site. 
Conventional X-band EPR only yielded a broad unresolved feature at 0.6 Τ (fig­
ure 4.1a). At 35 GHz hv is approximately equal to the zero-field splitting parameter 
D and a complete triplet powder pattern is observed but part of the Am = 1 tran­
sitions are obscured by the Am = 2 or Hmin transition (figure 4.1b). At 1.1 Τ a 
weak Ams = 1 + 1 or double-quantum line is visible. At 130 GHz the whole triplet 
spectrum is well separated from the Ams = 2 line and the double-quantum line has 
grown to the most prominent feature of the spectrum (figure 4.1c). Simulations with 
the ZFS parameters D = 0.832 c m - 1 , E = 0 c m - 1 and gx = gy = 2.156, gz = 2.181 
[12] are included and reproduce the spectra well. All simulations were done with a 
frequency-independent linewidth of 30 mT. Only the linewidth of the Hmin line at 
130 GHz is considerably smaller at high frequency compared to the low frequency 
spectra. 
According to theory the double-quantum Une is from a second-order process and 
thus the transition probability will be proportional to Bf [20, 17]. The intensity of 
the line is thus proportional to Ρ 2 ( F is the incident microwave power in mW) and 
should only be observable at high microwave powers. We have studied the microwave 
power dependency of the triplet lines at 35 GHz and at 130 GHz as shown in figure 4.2. 
Over the two frequencies the ratio between the intensities of the single-quantum and 
double-quantum lines remained constant. For single-quantum fines the intensity of the 
line is linear with the square root of the microwave power, therefore, Δ log I/A log Ρ 
= 0.5. For the double-quantum lines an intensity over microwave power ratio of 1.5 is 
expected. Contrary to expectation double log plots of the intensity as a function of the 
microwave power reveals that the intensity of the double-quantum line is proportional 
with Ρ 2 as is the case for the single-quantum lines. 
4.5 Discussion 
Several authors have described the presence of double-quantum and multi-quantum 
transitions in EPR spectra of high-spin systems, namely, biradicals [17, 21, 22] and 
transition metals Ni2+ [23, 24], Fe2+ [25, 26] and Mn2+ [27, 28]. Some authors report 
the intensity of this double-quantum line as a function of the microwave power or 
give a qualitative indication of the power dependency. These literature data are 
summarized in table 4.1. Some authors found the expected ratio of 1.5 between the 
Δ log Idq and Δ log Ρ while others found significantly larger ratios. Some caution must 
be used in comparing these data because the type of detector has not always been 
specified. However, all authors report a stronger dependency for the double-quantum 
transition on the microwave power compared to the single-quantum line. Also, the 
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Figure 4.1: The X-band (A), Q-band (B) and D-band (C) room temperature EPR spec­
tra of Ni(ll) in [7п(еп)з](І\Юз)2. Experimental conditions: X-band: microwave power, 
15 mW; modulation amplitude, 0.5 mT; modulation frequency, 100 kHz. Q-band: mi­
crowave power 30 mW; modulation amplitude, 0.5 mT; modulation frequency, 100 kHz; 
D-band: parameters modulation frequency, 20 kHz; modulation amplitude, 0.6 mT; mi­
crowave power, 0.2 mW. The lower traces are simulations as described in the text using 
the parameters from Wilson et al. [12]. {D = 0.832 c m - 1 , E = 0 c m - 1 and gx = 2.156, 
9y = 2.156, gx = 2.181). 
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Figure 4.2: A double log plot of the intensity of the EPR lines (measured as the peak-to-
peak height in the derivative spectrum) as a function of the microwave power, panel A: 
Q-band spectra and panel B: D-band spectra. 
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Compound (reference) Τ и ^ g j * ^ Щ * 
(К) (GHz) 
Phenantrene [17] 
Acetyl-d,¿-alanine (7 irr.) [21] 
Bis(tetraglyme)rubidiumbiphenyl [22] 
Mn2+ in MgO [27] 
Ni2+ in MgO [24] 
61Ni2+ in MgO [29] 
Mn2+ in CaO [28] 
Ni2+ in [Zn(en)3](N03)2 (this work) 
Table 4.1: The microwave power dependency of the 'double-quantum' transition as re-
ported in the literature for biradicals and transition metals. Experimental conditions that 
were specified have been included. If one digit for the ratio is listed only a qualitative 
indication was given (linear, square-dependence) while with two significant digits the ratio 
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double-quantum line is only detected at high microwave power, and the linewidth of 
the double-quantum line is much smaller compared to the single-quantum line. Prom 
the overview in table 4.1 it is also clear that the reported behavior of the double-
quantum line is usually not according to the theory, therefore, more attention should 
be paid to the microwave power dependency of this line. 
In the present case, however, the double-quantum line remains detectable even 
at very low microwave power and the linewidth of the double-quantum line is of the 
same order as that of the single-quantum lines. Since the double-quantum line in 
our spectra behaves in all aspects like a single-quantum line (i.e. both in microwave 
power dependency and linewidth) we come to the conclusion that we are observing 
an enhanced single-quantum line instead of the double-quantum line expected at this 
position. This enhancement might be the result of the simultaneous excitation of 
both single-quantum transitions leading to a greater population difference between 
levels. The enhancement of this Am = 1 + 1 line is further multiplied by the number 
of contributing orientations, dependent on the ratio gßB/D of equation 4.4, and this 
explains the strong intensity at 130 GHz as compared to spectra measured at lower 
frequencies. It cannot be excluded that at higher microwave power a real, much 
sharper double-quantum line would appear at the same field position. To gain more 
insight into the nature of the observed pseudo double-quantum line, temperature 
dependent experiments on several triplet systems are planned. 
Being a prominent sharp feature of the triplet spectrum this Δτπ = 1 + 1 line will 
be useful in the case of less resolved triplet spectra from samples of low concentration 
or with larger ZFS parameters, like for instance biological systems. In such cases the 
single-quantum features will become less resolved or even disappear completely. The 
Ншіп and double quantum line will then be the sole sharp features available to detect 
the triplet spectra and to obtain the ZFS parameters. 
4.6 Tutton salts 
The nickel Tutton salts, NiM2(S04)2 were M is a monovalent diamagnetic cation, 
were first studied with EPR by Griffiths and Owen [30]. Because of the large, rhom­
bic ZFS tensor of Ni(NH 4)2(S0 4) 2, D = 2.24 c m
- 1 , E = 0.38 c m - 1 , this system 
was chosen for the next step in HF-EPR on integer spin systems. Pure crystals of 
ammonium nickel(II) sulfate hexahydrate (Aldrich) were finely powdered and studied 
without dilution. 
Problems that occur are mainly due to the spectral width of the spectrum. Because 
HF-EPR has a high sensitivity in spins/Gauss, spreading the signal over several Tesla 
will lead to a poor signal intensity. At Q-band, only (an incomplete) part of the 
Δπι8 = 1 lines are visible as a broad structure. Increasing the microwave frequency 
to 130 GHz (hi/ = 4.3 c m - 1 ) produces the complete triplet spectrum. The spectrum 
is slightly disturbed due to the occurrence of microcrystals in the powder. As a 
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Figure 4.3: Q-band (left) and D-band (right) spectrum of nickel ammonium sulfate. 
Simulations with the parameters from [30] have been included. The #-value has been 
adjusted to 2.20 to obtain a better fit. 
consequence of the spectral width of the Ams = 1 transitions the half field line at 
1.7 Tesla is now the most pronounced feature. It is therefore expected that for even 
higher zero-field splittings this half-field line will be the sole well detectable line, 
making it essential that the microwave quantum exceeds the zero-field splitting for 
extracting useful information from the spectra. 
4.7 Future developments in HF-EPR 
Recent developments in millimeter wave technology has led to the development of 
very high frequency spectrometers. Far infra-red lasers or higher harmonics of Gunn 
oscillators in combination with quasi-optical transmission systems made it possible to 
reach frequencies up to 465 GHz [6]. This would implicate some new research subjects 
that were not possible before. 
A typical biological example of such a subject would be the Ni(II) tetra-pyrrole 
complex of F 4 3 0 , the cofactor of methylcoenzyme M reductase that has a 5 = 1 ground 
state [13]. Low temperature MCD magnatization studies made it possible to estimate 
the axial zero-field splitting (D) only with considerable inaccuracy (D « 8 c m - 1 ) . 
However, an influence of axial ligands on the zero-field splitting could be shown. 
To obtain interpretable spectra, i.e. complete spectra, the excitation energy of the 
microwave quanta must exceed the the zero-field splitting, thus for F430 be at least 
300 GHz (λ = 1 mm, hi/ = 10 c m - 1 ) . Only in this way one can accurately determine 
the zero-field splitting parameters. 
To demonstrate this point we performed some simulations with the program de-
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Figure 4.4: Simulations of large ZFS parameters at different microwave frequencies. Sim­
ulation parameters: D = 8 c m - 1 , E = 1 c m - 1 ; g\so = 2.2 ; Linewidth, 0.1 T. A 
"double-quantum" line has not been included in the simulations. 
scribed earlier in this chapter for a hypothetical system with values that can be 
expected for the F430 cofactor (D = 8 cm" 1 , E = 1 c m " 1 ) . The microwave frequen­
cies used are 200 GHz, 300 GHz and 400 GHz. At the lowest frequency (200 GHz) 
only part of the EPR spectrum would be visible as can be seen in the simulations in 
figure 4.4. The two other spectra are complete including the presence of the sharp 
Hmin transition. 
The several Tesla wide powder spectra of such triplet systems present a problem 
with the current sensitivity of HF-EPR. Applying the 101 0 spins/Gauss sensitivity as 
determined before (section 2.2) to these systems shows that the concentration must be 
in the order of 1 mM, which is quite substantial for biological systems. It is therefore 
to be expected that these powder patterns will be hardly visible with HF-EPR. The 
most prominent feature in the spectrum is the Нтгп line. In such a case where the 
information can only be obtained from the Нтгп line the microwave frequency must 
be high enough that this Une is present in the spectrum. 
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4.8 Concluding remarks 
The results of this and the previous two chapters show some of the possibilities of high-
frequency EPR applied to transition-metal complexes. An interesting new feature has 
appeared in the HF-EPR spectra of integer spin systems. It is not known yet if these 
pseudo double-quantum Unes will be present in frozen solutions of N i 2 + complexes. 
Also, the temperature-dependent behavior has not been determined yet. We expect, 
however, that with large zero-field splittings the allowed single quantum lines are 
very broad and thus difficult to detect. The single quantum AMS = 2 and the double 
quantum AMS = 2 line will be the most pronounced features in the powder spectrum 
and can be used to accurately determine the zero-field splitting. 
The use of resistive Bitter magnets has some drawbacks with regard to the stability 
and the (in)homogeneity of the magnetic field. Instabilities in the field lead to line 
broadening that might conceal some spectral features. In the tyrosyl radical spectra 
of ribonucleotide reductase (See figure 7.2 compared to figure 7.3 in chapter 7) the 
strong splitting caused by the interaction with the /3-methylene protons are missing in 
our 130 GHz spectra. Thus, for measuring ^-tensors in radicals a better field stability 
is required, e.g., obtainable with a superconducting magnet. 
Resistive magnets are, however, specially suited for the study of high-spin systems 
that have a great spectral width with large linewidths requiring large field sweeps. 
Compared to superconducting magnets, the resistive magnet can easily be swept over 
its whole field range (e.g. 0 - 20 T) in a few minutes. Also the maximum field 
(20 Τ at present) is higher compared to state of the art superconducting magnets. In 
combination with a superconducting magnet (a so called hybrid magnet) magnetic 
fields up to 30 Tesla are possible. 
The high losses in conventional millimeter waveguide systems can be circumvented 
by using quasi-optical techniques. After conversion of the TEoi mode to a Gaussian 
beam with the use of a horn the resulting beam can be manipulated with negligible 
losses [31]. Some groups already have obtained results with this type of spectrometers 
which indicate that this technique has great possibilities for high-frequency EPR. 
Due to the current focus on improving high-frequency EPR equipment the re­
quirements for the treatment of biological samples have been neglected. The aqueous 
samples often need to be handled at low temperature or under anaerobic conditions. 
Fast sample exchange under these conditions is thus necessary for a more widespread 
use of high-frequency EPR spectrometers in biochemistry and biophysics. 
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Appendix: Intensity of the double quantum line 
Muha3 has derived general expressions for the Zeeman effect in Spin = 1 systems. 
We have applied these formulas to triplet systems with the condition that the three 
levels axe at equidistant separation. In his paper Muha derived for the transition 
frequencies vn (eq. 11) 
I/n = (4|p|)*sin[(j9 + nîr)/3] (4.5) 
in which the following definitions are used: 
p = -[Dl + K2(3 + n2)} (4.6) 
β = cos - 1 С (4.7) 
(4.8) 
- ( H ) " © 
and 
q = KD2nf(V, θ, φ) - 2K
3(1 - η2). (4.9) 
We have used the symbol Dn for the Zeeman energy (де№вВ) to avoid confusion with 
the zero field splitting parameter D. 
For the double quantum transition two of the transition frequencies (i/n) must have 
the same value and also be half the value of the third frequency. With equation 4.5 
it follows that this is the case when β = § and thus the sin function in equation 4.5 
must be equal to ^, 1, | for η = 1, 2, 3, respectively. As a result С must be zero so q 
must be zero as well. This will limit equation 4.9 to: 
ΚϋΙ/(η,θ,Φ) = 2Κ3(1-η2) (4.10) 
Replacing the Zeeman interaction Dn with geßßB, assuming axial symmetry (η = 0) 
and replacing the quadrupede term К with the zero field parameter D/3 the orienta­
tions for equidistant separation are limited to: 
2D2 
9(geßBB)
2 / f o . M = n,,.,_Pìa· (4-И) 
ƒ (ν, θ, Φ) can be replaced by cos2 θ 4- cos 2Θ + 77sm20cos 2φ with η — 0 yielding: 
2D 2 
cos2 θ + cos 20 = —=. (4.12) 
%9eßBB)2 
3G. M. Muha J. Magn. Res. 49, 431-443 (1982) 
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which is equivalent to 
2D2 
3 c o s 2 0 - l = - - r . (4.13) 
Since the number of orientations that contribute to the double quantum line are 
proportional to sin Θ, the intensity of the double quantum line is proportional to: 
•W ŷb)2 <4л4) 
as mentioned earlier in section 4.3. It is easily verified that for zero field interactions 
that are small compared to the Zeeman interaction, angle θ will approach the " magic 
angle" of 54.7°. 
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Chapter 5 
A Systematic Approach for 




Cu(II)-Bleomycin and Model 
Systems 1 
Many Copper containing proteins exhibit well defined ESEEM signals detected at 
X-band and C-band. In these systems the Cu (II) ion is coordinated to one or several 
histidine residues. The main sharp features measured in the ESEEM spectra origi­
nate from the interaction of the unpaired electron with the remote nitrogen nucleus 
of the histidine ring. The relative intensities of these features contain information 
about the orientation of the NQI-tensor in the molecular axes frame as defined by the 
principle axes of the ^-matrix. This information can be related to the orientation of 
the imidazole ring in the complex. 
We present a systematic approach to determine the constraints of the Euler angles 
α, β and 7 of the NQI tensor in the ^-matrix principle axes system. The first step 
is to analyze the intensity ratios of the quadrupole peaks and the line shape of the 
double quantum feature measured on the canonical positions in the EPR spectrum. 
This will lead to a constraint in the angles (α, β) as well as the effective hyperfine 
interaction. This information is further refined using spectra on other orientation 
selective positions. We have applied this method to Cu(II)-Bleomycin and two model 
1 Published in P. J. van Dam, E. J. Reijerse, M. J. van der Meer, R. Guajardo, P. K. Mascharak 
and E. de Boer (1996), J. Appi Magn. Res 10, 71-86 
55 
56 CHAPTER 5. MULTI-FREQUENCY ESEEM ON CU(II)-BLEOMYCIN 
O ^ N H 2 Τ Η NH2 
H2N 
N--N Ж г fa 0 
11 .о . O H A . N J I N H N 
o JL CH3 N ^ ^ , C H ^ о н . С Н з 





Ο ^ Ϊ Ο Η 
OH ? 
O^NH, 
Figure 5.1: The structure of Bleomycin. The terminal amine R is CH2-C(NH2)H-CO-
IMH2. Nitrogens from the pyrimidine and the imidazole ring are involved in the metal 
coordination. 
compounds: Cu(II)-Pypep and Cu(II)-PMA of which we have determined the prin­
ciple quadrupole values and the orientation of the quadrupole tensor with respect to 
the ^-matrix axes system. 
5.1 Introduction 
Bleomycin (BLM) belongs to a group of metallo-glycopeptide antibiotics used in the 
treatment of certain tumours. It is isolated from cultures of Streptomyces verticillus as 
a copper(Il)-complex. The action mechanism involves the formation of an activated 
Fe(II)Bleomycin complex with oxygen that is capable of binding to and cleaving 
intracellular DNA [1]. Since it was discovered in 1966 by Umezawa et al [2] a great 
deal of research has been done on the action mechanism of bleomycin, but a structure 
in solution has not yet been established. The most common BLM, Bleomycin-A2, 
has a bithiazole-7-aminopropyl dimethyl sulfonium tail that can bind to the minor 
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NH2 
Figure 5.2: The structure of the synthetic ligands PypepH (left) and PMAH (right) 
groove of the DNA. The other part, containing the metal complex, consists of a sugar 
chain, a pyrimidyl-propionamide, a /3-aminoalanine, and a /3-hydroxyhistidine group 
(See figure 5.1). Iitaka et al. [3] was able to derive the X-ray structure of Cu(II)-P-
3A, a biosynthetic precursor of BLM that lacks the sugar and bithiazole side chains. 
2D-NMR measurements by Akkerman et al. [4, 5, 6] suggested, however, that the 
sugar chain is involved in the metal binding. 
Burger et al [7] applied the ESEEM technique to several BLM complexes in order 
to obtain information about the nitrogens involved in the metal coordination. For the 
copper complex a characteristic pattern was obtained indicating histidine coordina­
tion. In this case only the remote (non-coordinating) 14N-nucleus contributes to the 
ESEEM signal. For the Fe(III)-complex the situation was much more complicated. 
All directly coordinating imino and amino nitrogens are likely to contribute to the 
ESEEM signal, including the aminogroup of the sugarchain, thus leading to a rich 
but uninterpretable ESEEM spectrum. In order to simplify the situation, we decided 
to study a series of model complexes (figure 5.2) containing a varying number of coor­
dinating nitrogens. At the same time, these complexes mimic the metal binding part 
of BLM quite accurately [8, 9]. 
The first step in the characterization of these complexes is to establish the orien­
tation of the imidazole ring using the ESEEM signal of the remote nitrogen in the 
copper complexes and to relate this information to the available X-ray structures. 
Several groups [10, 11, 12] have demonstrated the power of ESEEM in character­
izing the Cu(II)-imidazole interaction in terms of the nuclear quadrupole interaction 
(NQI) parameters and the (isotropic) hyperfine interaction. The extraction of the ad­
ditional anisotropic parameters (Euler angles, Α-tensor components), however, proves 
to be non-trivial. In this communication we present a systematic approach for the 
determination of the orientation of the NQI tensor in the ^-matrix axes frame. The 
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strategy is applied in the analysis of the ESEEM of BLM and its various copper model 
complexes. 
5.2 Experimental 
Cu(II)-Bleomycin was prepared by mixing a 40 mM copper(II) acetate (Baker Re­
agents) solution in water with a 60 mM Віеотусіп-Аг sulfate (Nippon Kayaku co. 
ltd.) solution in water. After complexation an equal volume of glycerol was added 
to form a glass upon freezing. Samples of the model compounds Cu(II)-Pypep and 
Cu(II)-PMA [9, 8] (See figure 5.2) were prepared by dissolving the crystals into a 
water/glycerol (1:1) solvent. The final concentration was 10 mM. Samples were stored 
and measured in sealed quartz tubes. 
C-band pulse experiments were performed on our home built spectrometer de­
scribed elsewhere [13]. Between 7 and 9 GHz microwave pulses were amplified with a 
high power Litton 624 TWT amplifier. For low frequency pulses an Applied Systems 
Engineering broadband (2-8GHz) TWT was used. For the X-band measurements a 
Bruker ESP380 spectrometer was used equipped with the variable Q dielectric res­
onator. This resonator was also used in the critically coupled mode for the CW 
measurements. 
The three pulse ESEEM sequence ( § — τ — § — T — | — r-echo) was used in 
all experiments with phasecycling [14] to remove unwanted echoes. Echo envelope 
modulation decays were treated with a third order baseline correction and a Hamming 
window apodization followed by zero filling prior to fast Fourier transformation. All 
data are presented as magnitude spectra. 
A temperature of 10 К was obtained and controlled using a Oxford CF200 flow 
cryostat for the C-band setup and for the X-band measurements the Oxford CF935 
flow cryostat. 
5.3 Theory 
It has been well established that the position of the sharp nitrogen ESEEM features 
of Cu-imidazole complexes can be described using very simple analytical expressions 
derived for the case of 'exact cancellation' [15,16]. This regime holds when the mainly 
isotropic hyperfine interaction of the remote nitrogen cancels the Zeeman interaction 
in one of the M s manifolds leaving only the nuclear quadrupole interaction to split the 
nuclear spin levels. In the 'uncanceled' M3 manifold, the nuclear Zeeman interaction 
is reinforced by the hyperfine coupling leading to a nuclear spin sub-Hamiltonian 
dominated by Zeeman terms and the NQI behaving as a perturbation. The spin 
Hamiltonian in the strong field approximation can be expressed in terms of an electron 
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spin contribution Ή<> and a nuclear spin contribution Ή.η{±): 
Н = Не + Пп(±) (5.1) 
with 
He = 9ßB0 • S (5.2) 
and 
Пп(±) = -7/Ш0 · Ï+ A < S >± · / + I · £ • I. (5.3) 
In this preliminary analysis, the hyperfinc interaction A is assumed to be isotropic. 
The first two terms of Ήη can be combined into a Zeeman Hamiltonian: 
Hne(±) = -Ία (ßo Τ I ( ^ ) ) к · Г (5.4) 
where к represents the direction of the external magnetic field. The last term in 
equation 5.3 represents the NQI hamiltonian %nq\ 
Hnq = K(l - η)Ι
2
χ + K{\ + η)ΐΙ - 2KI
2
Z. (5.5) 
The nuclear spin levels of the cancelled manifold are thus only determined by Hnq 
leading to the nuclear spin transition frequencies: 2Κη, iíT(3 + r/), and Κ(3 — η) which 
emerge as sharp features in the ESEEM spectra. Prom the uncanceled manifold only 
the "double quantum" transition is usually observable: 
^dq = 2 
2 
(5.6) 
It has been demonstrated by Singel et al. [10, 15] that the intensities of the NQI 
signals from the cancelled Ms manifold are "polarized" with respect to the orientation 
of the magnetic field. When the magnetic field is oriented along one of the principal 
quadrupole axes, only one of the NQI frequencies has a non-zero modulation intensity: 
ν4Ζ = 2Κη, i/qx = IT(3 + q), i/w = tf(3 - q). (5.7) 
In other words: peaks at x,y and ζ are only visible when the magnetic field is oriented 
along the x, у and ζ axis, respectively. An interesting application of this behaviour 
would be to analyze the ESEEM spectra at a canonical position in the EPR spectrum, 
thus yielding information about the polar angles of the selected orientation within 
the NQI axes system. It would be an ideal situation if the relative intensities of 
the NQI signals would reflect the direction cosines of the selected orientation. The 
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modulation intensity of the NQI lines can be conveniently calculated if we assume 
that the spin eigenfunctions in the uncanceled manifold are completely described by 
^ne(—) treating the NQI as a first order perturbation. The spin eigenfunctions in 
both manifolds are then available in analytical form. Applying the expressions of 
Mims [17, 18], we arrive at the following results for the case where the magnetic field 
is oriented in the XZ plane of the NQI axes frame, making an angle β with the z-axis: 
vqz = 2Κη 
vqx = K(3 + η) 
Vqy = K(3 - η) 
; Xz = 3 cos2 β 
1 · 2 „ , χχ = - sm
z β 




in which χ χ , Xy and χζ are the modulation intensities of i/x, vy and vz, respectively. 
With the magnetic field in the plane bi-secting the XY plane, the intensity of the 
z-polarized signal is e.g. described as: 
Xz- 6 
1 + cos 4 /?+is in 4 /? (5.11) 
It is clear that for arbitrary orientations the NQI intensities do not reflect the values 
of the direction cosines of the field vector. A unique determination of the field vector 
from the NQI intensities e.g. at the g\\-position of the Cu-imidazole spectrum is, 
therefore, not feasible. Only constraints for the NQI tensor Euler angles a and /?, 
assuming an axial ^-matrix, can be estimated. In order to test this idea, we performed 
some model calculations. A compact representation of the correspondence between 
the spectra simulated for different values of α, β is obtained by treating every spectrum 
S (α, β) as a vector. The correspondence between two spectra S {α, β) i and S (α, ß)j 
is simply the inproduct Si · Sj of the normalized spectrum vectors. 
A model spectrum Sm was generated using typical parameters for copper imidazole 
complexes. (K = 0.12 · 10~4cm_1,77 = 0.9) and arbitrary values for the Euler angles 
(a = 72° and β = 36°). In figure 5.3a-c the "error profile" (eaß = Sm · Sap) is 
displayed. It turns out that for the case of exact cancellation (Fig 5.3b, an extended 
aß region gives a favourable error response (see the area within the solid contour lines 
where eaß « 1). The region can be narrowed down substantially by leaving the exact 
cancellation condition (See figure 5.3a and 5.3c) Intensity analysis using error-profiles 
like in figure 5.3, seems very useful for Cu-imidazole type complexes not necessarily 
at exact cancellation. The following strategy can be proposed: 
1. Determination of Κ, τ/, Αχχ, Л у у , and Azz using the sharp features in the ori­
entation selective ESEEM spectra. 
2. Calculation of the α,/З error profile on the ^(-position (See e.g. figure 5.3). 
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Figure 5.3: Error profiles obtained by taking the inproducts of a model ESEEM spectrum 
with a series of simulated spectra, varying the Euler angles α and β of the NQI tensor. 
Parameters of the model spectrum: ^-values: gx = 1.98, gy = 1.98 and gz = 2.407, 
Field: 230 mT, (<7ц position) microwave frequency: ν — 7.750 GHz, pulse excitationwidth 
(gaussian): Au = 100 MHz, nitrogen quadrupole interaction: К = 0.1210" 4 c m - 1 , 
η = 0.83, Euler angles: a = 36°, β = 72°. The simulated spectra had identical parameters 
except that the Euler angles a and β were varied from 0° to 90°. Three values for AiS O 
were used: (a) A-lso = 0 . 5 7 1 0
- 4 c m - 1 , (b) Al30 = 0.47-10
- 4 c m - 1 (exact cancellation) 
and (c) }4iSO = 0 . 3 7 1 0
- 4 c m - 1 . The area within the bold lines indicates where the error 
eaß is about unity. 
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9± 9\\ Aj. Ay 
10" 4 c m " 1 10" 4 cm" 1 
Cu(II)-Bleomycin 2.036 2.205 - 185 
Cu(II)-Pypep 2.05 2.24 - 189 
Cu(II)-PMA 2.05 2.22 - 177 
Table 5.1: The CW EPR parameters of the copper compounds 
3. For several α, β combinations one can try to optimize the 7 angle. 
4. Refinement of K, 77, Ax, Ayi Az 
The proposed strategy has been applied to the orientation selective series of ESEEM 
spectra measured from Cu-Bleomycin and two of its model compounds (figure 5.1 and 
5.2). 
5.4 Results 
All three compounds have a typical axial copper CW EPR spectrum with a only a 
minor rhombic distortion. The parameters of the ^-matrix and hyperfine interaction 
derived directly from the spectra of the compounds studied are summarized in ta­
ble 5.1. Simulations of the CW spectra of Cu(II)BLM and model compounds reveals 
a small g-anisotropy at the #j_-position. The deviation between gx and gy was less 
than 0.03. Because of the substantial excitation linewidth of the microwave pulses this 
deviation is too small to have any influence on the orientation selective ESEEM spec­
tra. Figure 5.4 shows a typical CW-EPR spectrum of Cu(II)-Pypep in combination 
with a simulation. 
When the ESEEM spectra are taken at different microwave frequencies the 'exact 
cancellation' condition is manifested by several different features. Away from exact 
cancellation there will be line broadening of the peaks of the cancelled manifold due 
to the contribution of the effective Zeeman interaction in combination with the NQI. 
The effective Zeeman interaction will also lead to a shift of the i/+ to higher frequency. 
Figure 5.5 shows a series of 3-pulse ESEEM spectra of Cu(II)-BLM taken at the 
<7_L-position of the EPR spectrum, for four different microwave frequencies. The above 
described behaviour is nicely represented in these spectra. Clearly, between 6.9 GHz 
and 7.7 GHz, the resolution of the NQI peaks is optimal and the v+ peak has its 
lowest position. 
Due to the anisotropy of the HFI (apparent from the doublet structure of the 
i/dq feature) there is, of course, not a single microwave frequency for which exact 
cancellation is attained. It has been demonstrated, however, that the position of the 
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Figure 5.4: A typical CW-EPR spectrum of Cu(ll)-Pypep (continuous line) and the sim-
ulation (dashed line). The spectrum was simulated with ^-matrix values: gx = 2.040, 
gy = 2.070 and gz = 2.240. Other experimental parameters: Temperature 10 K, frequency 
9.727 GHz 
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Figure 5.5: Three pulse ESEEM spectra of Cu(ll)-Bleomycin at different frequencies. All 
spectra were taken at the g± position at a temperature of 10 K. Experimental settings: 
4.796 GHz, В = 182 mT, r = 300 ns; 6.915 GHz: В = 233 mT, r = 300 ns;7.75 GHz, 
В = 266 mT, r = 347 ns; 9.745 GHz, В = 315 mT, r = 240 ns 




























Table 5.2: Hyperfine and quadrupole parameters of the remote nitrogen estimated from 
the ESEEM spectra 
NQI peaks is relatively insensitive to slight deviations from exact cancellation and the 
anisotropy of the HFI [16]. The К and η parameters can therefore be conveniently 
extracted from the spectra. Using equation 6, one can interpret the doublet positions 
of ^dq in terms of the effective hyperfine components Λ χ χ and Ayy. Spectra taken at 
the 0|| -position (not shown) show a single lineshape for the i/<jq peak. Again equation 6 
was used to estimate the Azz component. The resulting parameters are presented in 
table 5.2. Due to the strongly overlapping EPR hyperfine features one cannot exclude 
the possibility that the second 1 4 N hyperfine component measured at the perpendic­
ular position arises from residual orientation selection of the parallel component. In 
the refinement of the hyperfine parameters all components were, therefore, varied. 
The anisotropy of the HFI has, however, a positive contribution in our case. At 
the g± position the estimated magnetic field for which the HFI is cancelled is about 
280 mT for Cu(II)-PMA and Cu(II)-BLM and 330 mT for Cu(II)-Pypep. The lower 
Azz value will lead to a lower field for 'exact cancellation' (About 230 mT for Cu(II)-
PMA and Cu(II)-BLM and 290 mT for Cu(II)-Pypep). Thus, if we choose the right 
microwave frequency for cancellation at the g± position there will be in the same 
spectrum also cancellation at the g\\ position! Orientation selective ESEEM series 
of Cu(II)-PMA, Cu(II)-Pypep and Cu(II)-BLM are presented in figure 5.6,5.8 and 
5.9. All spectra have virtually identical features indicating the close similarity of 
the complexes. The estimated spectral parameters (K, 77, A x x, Ayy and Azz) col­
lected in table 5.2 are typical for a distant protonated imidazole nitrogen near exact 
cancellation. 
5.4.1 Simulations 
The ESEEM spectra of all compounds were analyzed following the strategy outlined 
above. The modulation expressions of Mims [17, 18] were used as implemented in 
MAGRES [19]. Due to the high asymmetry parameter 77, the vQ and the i/_ peak 
overlap, making it difficult to obtain correct peak heights or to separate all three 
ESEEM lines of the cancelled manifold. Therefore we have chosen not to use the 
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Figure 5.6: C-band ESEEM (3 pulse) spectra of Cu(ll)-PMA recorded at different field 
positions. Temperature 10 K, Frequency 6.487 GHz, r = 350 ns, Repetition time 2 ms. 
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Figure 5.7: Inverse ¡nproduct profiles of simulations and measurements of Cu(ll)-PMA as 
a function of the Euler angles between the ̂ -matrix and the NQI tensor. For the spectral 
inproducts only the lines of the cancelled manifold are taken into account (see text). 
ratio of peak heights as has been done before [10] but to compare the spectra directly. 
For that purpose we have treated the measured spectrum and the simulation as a 
vector and took the inproduct between those vectors. Since our computer program is 
searching for the minima not eaß is calculated but the inverse of it. Thus a perfect 
fit will lead to a value of unity and deviations between simulation and measurement 
will result into a proportional larger value. 
The inverse inproduct, summed over all ESEEM spectra in the orientation selec-
tive series of Cu(II)-PMA (figure 5.6), were taken with the corresponding simulated 
spectra as a function of Euler angles α, β and 7. The fixed simulation parameters 
were taken from tables 5.1 and 5.2. Figure 5.7a shows the profile as a function of a, 
/3 (7 = 0). The best a value was selected and a second profile was calculated as a 
function of /?, 7 (figure 5.7b). Several profiles were calculated fixing α, β and 7 at 
certain values. As can be observed in figure 5.7, the value of 7 cannot be determined 
very accurately. This is to be expected since the anisotropy in the xy-plane of the 
metal complex is only determined by the 1 4N-HFI components (table 5.2) which have 
only minor influence on the intensity and shape of the NQI features. The parameters 
were further refined by concentrating on the lineshape of the i/^q feature. To match 
its intensity and shape, it proved necessary to introduce a rhombic component in the 
1 4N-HFI. Figure 5.8 shows the 'best-fit' results for Cu(II)-Pypep, while in figure 5.9 
the fit patterns for Cu(II)-BLM are presented. Clearly, the Cu(II)-BLM results are 
quite convincing. The fit for Cu(II)-Pypep is somewhat less accurate, although the 
general pattern of intensity variations over the orientation selective series is nicely 
reflected in the simulations. 
One should realize that many parameters which are difficult to access, still in­
fluence the spectra. The effect of the finite pulse-length leads to inaccuracy of the 
simulation parameters for the dead-time and the r-values. These variations can have a 
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Figure 5.8: Complete simulation (dashed lines) of the Cu(ll)-Pypep ESEEM spectra (solid 
lines) with r = 160 ns at 9.747 GHz. Now the hyperfine interaction has been adjusted to 
rhombic values: Ax = 2.1 MHz, Ay = 1.65 MHz and Az = 1.5 MHz; Px = 0.04 MHz, 
Py = 0.66 MHz and Pz = -0.70 MHz; The Euler angles are α = 115°, β = 26° and 
7 = 70° 
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Figure 5.9: Complete simulation (dashed lines) of the Cu(ll)-Bleomycin ESEEM spectra 
(solid lines) with r = 347 ns at 7.750 GHz. Also with a rhombic Α-tensor: Ax = 1.74 MHz, 
Ay = 1.44 MHz and Az = 1.23 MHz; Px = 0.04 MHz, Py = 0.67 MHz and Pz = -
0.71 MHz; The Euler angles are a = 120°, β = 36° and 7 = 78° 
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From simulations Crystallographic 
data 
α β α β 
Cu(II)-Bleomycin 120 36 
Cu(II)-Pypep 115 26 44 22 
C u ^ - P M A 1 90 35 3 22 
Cu(II)-PMA2 90 35 20 29 
Table 5.3: The Euler angles defining the orientation of the NQI tensor in the molecular 
frame are compared with the equivalent angles derived from the crystallographic data 
[9, 20]. 
substantial effect on the ESEEM lineshapes. In addition, the effect of the HFI-tensor 
orientation is equally difficult to access. Extensive 'numerical experiments' varying 
the 'uncontrolled' parameters lead to the impression that the NQI best-fit parame­
ters are virtually insensitive to variations of the empirical parameters within certain 
limits. The best-fit Euler angles Usted in table 5.3 are, therefore, quite reliable. 
5.5 Discussion and Conclusions 
Since it is generally accepted that the NQI-tensor of the remote imidazole nitrogen is 
strongly connected to the axes frame of the five-membered ring [11], the α and β Euler 
angles have an important structural implication. According to theoretical calculations 
and NQR experiments on imidazole compounds [21] the following assignment for the 
Q-axes is made: The z-axis is perpendicular to the imidazole plane, the x-axis is 
along the C-N-C bisector and the y-axis is perpendicular to these two. However, 
depending on the nature of the hydrogen bridge of the remote nitrogen, the axes 
of the Q tensor corresponding with the largest principal values can be interchanged 
[22]. If we assume that the z-axis of the ^-matrix is perpendicular to the plane of 
the directly coordinating nitrogens, we are able to determine the orientation of the 
imidazole plane in the metal complex, given a certain choice for the Q-axes. Also 
the choice for the g\\ direction is not unambiguous, in particular for the Cu(II)-PMA 
complex: we can choose the g\\ either along the axis connecting the copper ion to the 
axial nitrogen ligand or as the normal to the plane of the four coordinating equatorial 
nitrogens. The Euler angles α and β can now be related to the polar angles defining 
the orientation of the ^jj-vector in the quadrupole axes frame of the remote nitrogen 
atom in the imidazole ring. In table 5.3 the best-fit angles a and β are compared with 
the corresponding values derived from the crystal structure [20]. Figure 5.10 displays a 
5.5. DISCUSSION AND CONCLUSIONS 71 
Figure 5.10: A schematic drawing of the structure of Cu(ll)-PMA. The z-axis of the g-
matrix and the principal axes of the NQI tensor of the remote nitrogen of imidazole are 
indicated with arrows. The angle between the Qz and the gz axis is the Euler angle β. 
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schematic impression of the coordination structure of Cu(II)-PMA in which the Euler 
angle β is indicated. The angle β determined from the simulations correspond within 
the experimental error to the value derived from the crystal structure, for both Cu(II)-
Pypep and Cu(II)-PMA. The values for a, however, shows a strong discrepancy. This 
discrepancy can be lifted to a great extent by interchanging the χ and y-axis of the 
Q-tensor in the imidazole ring, which will increase the value of a by 90°. An other 
possibility to explain this difference is to assume that the solution structure of both 
complexes deviates substantially from their crystal structure. Neither explanation is 
very satisfying for this discrepancy. A single crystal study of both complexes in a 
diamagnetic host would seem the only way to resolve this problem. 
In summary, we can conclude that the orientation of the imidazole ring in Cu (II)-
BLM, Cu(II)-PMA and Cu(II)-Pypep seems to be very similar based on the Euler 
angles a and β (See table 5.3). We have been able to obtain this structural infor­
mation from a system with an axial ^-matrix and a quadrupole tensor with a large 
asymmetry parameter thus making it impossible to resolve a complete tensor orien­
tation. However, with simulations and the use of model compounds we were able to 
obtain significant structural information about this disordered system. 
The results of the model compounds are proof of the usefulness of the method of 
orientation selective ESEEM. Even with broad overlapping peaks the direct compari­
son of the measurement and simulation via the 'inproduct method' makes it possible 
to fit these spectra. 
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Chapter 6 
Identification of a putative 
histidine base and of a 
non-protein nitrogen ligand in 
the active site of 
Fe-hydrogenases by ESEEM 
and H Y S C O R E spectroscopy 1 
The active Η-cluster of the Fe-hydrogenases from Megasphaera elsdenii and Desul-
fovibno vulgaris (strain Hildenborough) has been investigated with one and two 
dimensional pulsed EPR spectroscopy. In both complexes the coordination of a 
nitrogen-containing ligand was found. The unusual quadrupole interaction param­
eters (D.vulgaris: quadrupole coupling constant, К = 1.20 MHz, asymmetry param­
eter η = 0.32, M.elsdenii: К = 1.23 MHz, η = 0.25) indicate a non-protein type of 
nitrogen and are consistent with cyanide as ligand to the H-cluster. 
The additional interactions measured on the EPR signal of the inactivated H-
cluster in D. vulgaris hydrogenase are consistent with an imidazole interaction similar 
to that found in Rieske type iron-sulfur clusters. Since a histidine nearby the putative 
Η-cluster binding motif of Cys residues is the only conserved His in Fe-hydrogenases, 
this His371 is a likely candidate for the base that accepts the proton in the heterolytic 
cleavage of molecular hydrogen. The inactivation of the enzyme is accompanied by 
direct binding of the imidazole ring to the H-cluster. 
Published in: P.J. van Dam, E.J. Reijerse and W. R. Hagen (1997) EUT. J. Biochem. 248, 
355-361 
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6.1 Introduction 
Hydrogenases are metallo-enzymes able to activate molecular hydrogen: H2 *=; 2H + -h 
2e~. They can be divided in terms of the metals present in the enzyme: the iron only 
hydrogenases and the Ni-Fe hydrogenases [1, 2]. Most hydrogenases purified so far 
belong to the " Ni-Fe" class where the active site is formed by a dinuclear Ni-Fe cluster 
with small non-protein ligands (presumably CO and CN bound to the Fe atom). 
This structure has been derived from a combination of crystallographic [3, 4] and 
infra-red spectroscopic studies [5, 6]. Also chemical analysis of the enzyme indicated 
intrinsically-bound CO and cyanide [6]. 
The structure of the Fe-only hydrogenases is yet unknown but several iron-sulfur 
clusters have been identified. In all species several [4Fe-4S] cubanes have been found 
(so called ferredoxin-like or F-clusters) believed to play a role in electron transport 
[1]. In addition to these F-clusters a novel Fe-S cluster has been identified that is 
presumably the site for hydrogen activation, therefore named Η-cluster. The com­
position of this active site is still unknown with several authors [7] reporting an iron 
contents varying between 3 and 6 atoms of Fe per molecule. In the active enzyme 
this cluster has a rhombic EPR signal in the oxidized state (gz = 2.10, gy = 2.04 
and gx = 2.00), which converts into an axial signal (<7ц = 2.00 and g± = 2.06) upon 
inactivation by oxygen or carbon monoxide. 
Earlier EPR investigations on the coordination of the Η-cluster in Fe hydrogenases 
yielded equivocal results. EPR and electron nuclear double resonance (ENDOR) mea­
surements on 1 3 CO inhibited hydrogenases I and II from C.pasteurianum showed the 
direct coordination of carbon monoxide to the Η-cluster but no interaction with 1 4 N 
nuclei could be detected [8, 9, 10]. Electron spin echo envelope modulation (ESEEM) 
and pulsed ENDOR measurements however, indicated the presence of two nitrogens 
in the neighbourhood of the cluster with unusual quadrupole coupling parameters 
[11]. 
In this work we present further pulsed EPR investigations in both the active and 
inactive state of the Η-cluster aimed at obtaining more information about the coordi­
nation of this site and changes that occur during inactivation. Two hydrogenases have 
been used in our investigations, one was isolated from D. vulgaris strain Hildenborough 
and one from M.elsdenii While the D.vulgaris enzyme showed both signals, active 
and inactive cluster, the M.elsdenii enzyme only has the rhombic EPR signal from 
the active cluster. We have used these features to discriminate between coordination 
in the active and inactive state of the cluster. 
6.2 Materials and Methods 
Fe-hydrogenase from Desulfovibrio vulgaris (Hildenborough) was purified aerobically 
in an oxygen-tolerant, de-activated form as previously described [12]. The enzyme 
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was reduced/activated by incubation under H2 and oxidized in the activated form by 
replacing Ar for H2 (i.e. oxidation by H+). Megasphaera elsdenii Fe-hydrogenase was 
purified anaerobically as described in [13]. 
Pulsed EPR spectra were recorded on a Bruker ESP380 FT-EPR spectrometer 
equipped with the dielectric variable Q resonator. The temperature was controlled 
with an Oxford CF935 flow cryostat. For three pulse experiments the stimulated 
echo sequence was used ( | — τ — Ç — Τ — Ç — τ — echo) with pulse lengths of 16 ns. 
The two-dimensional hyperfine sublevel correlation (HYSCORE) spectra [14,15] were 
measured with the four pulse sequence (f — τ — \— Τ χ - π — Тг — f — τ — echo). Soft 
ξ-pulses were used (duration 40 ns) combined with a hard inversion pulse (16 ns) to 
reduce the contribution of the three pulse stimulated echo. Phase cycling was used 
to remove contributions of unwanted echos [16]. A third order background polynôme 
was subtracted from the echo envelope decay prior to a Hamming apodization. After 
a fast Fourier transformation all the data are presented as magnitude spectra. 
For interpretation of the ESEEM spectra the following general spin Hamiltonian 
will be used: 
Пар = ßeBo -g-S- gnßnBo · I + S - A · I + I · Q · I (6.1) 
Assuming a mainly isotropic hyperfine interaction (HFI), AiSO, the effective Zeeman 
frequency is given by: i/eff = \uj ± A\so/2\. From equation 6.1 it is clear that for the 
situation that the hyperfine coupling, Aiso, is twice the nuclear Zeeman interaction 
z//, the hyperfine interaction will cancel the Zeeman interaction for one of the electron 
spin manifolds (β). The position of the ESEEM Unes of this manifold will therefore 
solely be determined by the nuclear quadrupole interaction (NQI) Q, leading to the 
well known expressions for the positions of the ESEEM lines, 
v± = K(3 ± η) (6.2) 
and 
2/0 = 2ηΚ (6.3) 
where К is the quadrupole coupling value e2qQ/ih and η the asymmetry parameter 
\(Qx — Qy)/Qz\ of the nuclear quadrupole tensor. For the other electron spin manifold 
(a) the Zeeman interaction and hyperfine interaction will add leading to broad lines 
of which usually only the "double-quantum" transition i/f3 will be visible. If the 
hyperfine interaction is much larger than 2uj the spectrum will be dominated by 
only these two so called "double-quantum" or Amj = 2 transitions. Equations for 
the positions of the double-quantum lines where a dominating isotropic hyperfine 
interaction is assumed have been derived with a first order approach in [17] 
"Í3 = 2 {«*¥) 
2 
(6.4) 
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Dikanov et al. [18] have included second order terms for determing the hyperfine 
interaction of 1 4 N in orientation-selective ESEEM measurements. In our studies the 
deviation between first and second order approach was so small (0.05 MHz) that we 
have used the first order approach. 
Using this expression 6.4 it is possible to derive the isotropic hyperfine interaction 
Aiso, or more correctly Aeff in the case of anisotropy, from the positions of the two 
double-quantum transitions 
and the contribution of the nuclear quadrupole interactions K2(S + η2) follows as: 
^ 2 ( 3 + ^ 2 ) = ( ^ ) 2 - ( ^ ± ^ ) 2 . (6.6) 
6.3 Results 
The temperature dependent CW-EPR spectra of D.vulgans and M.elsdenii Fe-hydro-
genase (figure 6.1) clearly show the rhombic spectrum with ^-values 2.10, 2.04 and 
2.00 that has been assigned to the active H-cluster [1]. At higher temperature the axial 
signal of the inactive Η-cluster becomes more pronounced in the D.vulgans spectra 
but remains absent in the M.elsdenii spectra. At high field (g < 2.0) a contribution 
from the reduced F-centers is visible. At 50 К this signal is still present but weaker 
and partially broadened. The measured echo-induced spectra shown in figure 6.2 
are nearly identical to the integrated CW spectra. Only the signal arising from the 
reduced F-centers is more pronounced as compared to the CW spectra. ESEEM 
and HYSCORE spectra were taken at the ^-turning points of the rhombic signal as 
indicated in figure 6.2 with the corresponding (/-marker. The excitation bandwidth 
of the pulses was such that for g = 2.04 the parallel position and at g = 2.00 the 
perpendicular position of the axial signal also contributed to the ESEEM spectra, 
leading to a superposition of contributions of both species. 
The temperature dependent CW-EPR spectra of M.elsdenii hydrogenase only 
show a rhombic EPR signal at all temperatures unlike the spectra of D.vulgans en­
zyme where both signals are present. The line at 387 mT belongs to a background 
signal of the dielectric resonator. Three-pulse ESEEM spectra were recorded at the 
^-turning points of the rhombic signal (figure 6.3). The delay between the first two 
pulses (τ) was set to a value at which the low frequency components of the ESEEM 
signal were maximized and the contribution from solvent protons minimized. A short 
r-value yielded the best results. At all three positions three sharp low frequency 
ESEEM lines are visible in the spectra indicating a cancelled ^-manifold. At the gz 
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Figure 6.1: The CW-EPR spectra of Fe-only hydrogenases (A: D.vulgaris, 2 mM enzyme 
in 200 mM Hepes, pH 7.0, and B: M.elsdenii 0.05 mM enzym e in 100 mM Hepes, 
pH 7.2) recorded at different temperatures. Note the absence of an axial EPR signal 
in the spectra of the M.elsdenii enzyme. Experimental settings: microwave frequency, 
9.693 GHz; modulation amplitude, 0.2 mT; modulation frequency, 100 kHz; microwave 
power, 24.2 /iW. 
position (331.1 mT) the double quantum line (^f3) of the other α-manifold is visi­
ble at 5.49 MHz. The hyperfine interaction (Azz) calculated from this position and 
the position of the i/+ line yielded 1.75 MHz, almost twice the nuclear Larmor fre­
quency of 1 4 N at this field and thus confirming that there is almost cancellation of 
the /3-manifold. With formulas 6.2 and 6.3 the nuclear quadrupole parameters were 
calculated (K = 1.23 MHz, η = 0.25) and these values are are almost identical to 
those measured at the gz position of the Η-cluster signal from C.pasteurianum [11]. 
From the position of the double-quantum line it is clear that there is no cancellation of 
the β manifold at the two other field positions. With equation 6.5 we have calculated 
the values of the hyperfine interaction at the ^-turning positions (Azz = 1.75 MHz, 
Ayy = 4.05 MHz and Αχχ = 3.75 MHz). At the gy position a small splitting of the i/_ 
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Figure 6.2: The 2-pulse echo induced spectra (r = 160 ns) of D.vulgaris and M.elsdenii 
Fe-hydrogenase. Field positions where ESEEM and HYSCORE spectra were measured are 
indicated with the corresponding g-label. Experimental settings: microwave frequency, 
9.669 GHz; temperature, 10 K, repetition time, 2 ms. 
and the i/+ lines can be observed. This might be an indication that two nitrogens with 
almost identical parameters are present. No sum peaks could be detected, however, 
in the ESEEM spectra. The quadrupole coupling values and the hyperfine interaction 
of this unusual nitrogen arising from the active Η-cluster are tabulated in table 6.1. 
The corresponding nitrogen values reported for C.pasteurianum hydrogenase [11] have 
been included. 
The relatively low sample concentration of M.elsdenii hydrogenase (0.05 mM) 
made it difficult to record a HYSCORE spectrum of the Η-cluster. At the field 
position with maximum echo intensity (gy) a HYSCORE spectrum was recorded that 
















Table 6.1: The 1 4 N hyperfine interaction and nuclear quadrupole coupling data of the 
"unusual" nitrogen in Fe-only hydrogenases obtained at the g z = 2.10 field position of 
the H-cluster EPR signal. xData taken from [11] 
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Figure 6.3: The three-pulse ESEEM spectra of M. elsdenii Fe-hydrogenase at the g-
turning positions of the rhombic EPR signal. The sharp line near 8 MHz is an artefact 
generated by the pulse generator of the spectrometer. Experimental parameters: mi­
crowave frequency, 9.693 GHz, temperature, 10 K; r-value, 144 ns; repetition time, 2 ms. 
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Figure 6.4: The HYSCORE spectrum of M.elsdenii Fe-hydrogenase. Sharp peaks that 
appear on the diagonal (7.81, 5,21, 3.91, 2.60 and 1.95 MHz) were generated by jitter 
in the pulse generator. The broad feature at 6.5 MHz (*H) is a matrix proton signal 
backfolded due to the Fourier transformation. Experimental parameters: microwave fre-
quency, 9.698 GHz; magnetic field, 340 mT (g = 2.04); temperature, 10 K; r-value, 
120 ns; repetition time, 2 ms. 
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Figure 6.5: The three-pulse ESEEM spectra of D.vulgans Fe-hydrogenase at different field 
positions of the rhombic EPR signal. From top to bottom: gXt gy and gz as indicated in 
figure 6.2. Experimental parameters: microwave frequency, 9.656 GHz, r-value, 144 ns; 
temperature, 10 K, repetition time, 2 ms. 
pulse generator of the spectrometer and become apparent at a long sampling time 
with a weak sample. In the HYSCORE spectrum these peaks appear on the diagonal 
of the positive quadrant. Still in the lower (H—)-quadrant strong correlations are 
visible from the cancelled manifold with the double quantum transition of the non-
cancelled manifold marked with (¿Ъз^Гз) a n < i (^із^Гз) m figure 6.4. Also some of 
the correlations (ь^Иіз) and (^і3,^?з) and weaker correlations appear in the positive 
(++)-quadrant. 
The three pulse ESEEM spectra of D. vulgaris hydrogenase taken at the respective 
^-positions of the rhombic spectrum are presented in figure 6.5. Like the ESEEM 
spectra of M.elsdenii a short r-value gave the best results in spectra resolution. Due 
to the pseudocrystalline orientation of the molecules at the gz position all six ESEEM 
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g = 2.04 





















Table 6.2: Estimated hyperfine interaction and nuclear quadrupole coupling interaction 
of the inactive H-cluster in D. vulgaris Fe-hydrogenase measured at the turning points 
of the axial EPR spectrum. 
lines that are expected from interaction with a single 1 4 N nucleus are present in 
the spectrum. This assignment is confirmed by the HYSCORE spectrum taken at 
the same field position (See figure 6.6). The double quantum i/f3 Une at 5.39 MHz 
correlates with lines at 4.03 (і/+,і/із), 3.26 (і/_,і/із) and 0.83 MHz (ць^із) of the 
cancelled (/?)-manifold. The quadrupole coupling constant and hyperfine interaction 
derived from these fine positions (K = 1.20 MHz, η = 0.32 and Az z = 1.58 MHz) 
are comparable to those determined at the gz field position for M.elsdenii and for 
hydrogenase I isolated from C.pasteurianum [11]. The quadrupole and hyperfine 
interaction data are summarized in table 6.1. 
ESEEM spectra taken at the two other ^-turning values gy and gx are more compli­
cated due to the overlap between the activated (rhombic EPR signal) and deactivated 
(axial EPR signal) species and show the interaction of several 1 4 N nuclei (figure 6.5). 
HYSCORE spectra measured at these two 0-value positions (gy, spectrum not shown) 
and at gx (figure 6.7) were used to resolve these spectra. There was no essential dif­
ference between the two HYSCORE spectra taken at gy and gx. In the negative (H—) 
quadrant of figure 6.7 strong correlations between the double-quantum lines (1/13) of 
the a and β manifold are visible as would be expected for a hyperfine interaction much 
larger then the nuclear Zeeman interaction. Using equation 6.5 the isotropic part of 
the hyperfine interaction at this orientation is estimated for each position and pre­
sented in table 6.2. It is clear from the shape of these double quantum line correlations 
(See figure 6.7) that the hyperfine interaction contains a substantial anisotropic con­
tribution. This large hyperfine interaction makes it impossible to use the quadrupole 
equations 6.2 and 6.3 to derive the quadrupole coupling constant. It is still possible 
to calculate the contribution of the quadrupole K2(3 + η2) with equation 6.6. To 
estimate the quadrupole coupling constant К we present these values in table 6.2 for 
two extreme conditions where η is either equal to 0 or 1. 
Other weak correlations that are visible between lines at 3.6 MHz and 6.7 MHz 
belong to the spectrum of the 'unusual' nitrogen of the active Η-cluster. Compare 
the HYSCORE spectrum of M.elsdenii (figure 6.4) with the spectrum of D.vulgaris 
(figure 6.7). These fines are overlapping with single quantum lines of the inactive 
Η-cluster making a complete assignment impossible. 
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Figure 6.6: HYSCORE spectrum of D.vulgans Fe-hydrogenase taken at the low field 
(gz) position. The one-dimensional spectrum at the top represents a skyline projection 
of the complete HYSCORE in the f\ direction and corresponds to the ESEEM spectrum 
in figure 6.5. Experimental parameters: microwave frequency, 9.669 GHz; magnetic field, 
329.6 mT (g = 2.10); temperature, 10 K; r-value, 144 ns; repetition time, 2 ms. 
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Figure 6.7: HYSCORE spectrum of D.vulgans Fe-hydrogenase taken at the high field 
(gx) position. Experimental parameters: microwave frequency, 9.656 GHz; magnetic 
field, 343.3 mT (g = 2.00); Temperature, 10 K; r-value, 120 ns; repetition time, 2 ms. 
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6.4 Discussion 
The structure of the catalytic center in NiFe-hydrogenase has recently been deter­
mined to be a dinuclear Ni-Fe cluster with three non-protein ligands, two CN and a 
CO, bound to the iron [3, 4, 6]. The structure of the Η-cluster in Fe-hydrogenase is 
not known, however, comparative Fourier transform infra-red (FTIR) spectroscopy 
strongly suggests the active site to contain ал organo-metallic iron complex simi­
lar to that of NiFe-hydrogenase [5]. Extensive elemental analysis has shown that 
Fe-hydrogenase contains no other transition metals than iron [12]. In addition to 
the electron transferring F-clusters Fe-hydrogenase contains an additional 3-6 Fe and 
similar amount of S2~ [7]. It thus appears that the Η-cluster catalytic center is an 
iron-sulfur structure associated with an organometallic Fe site. 
Thomann et al. have carried out a preliminary pulsed EPR study on the Fe-
hydrogenase I of C.pasteurianum. From their one dimensional ESEEM and ENDOR 
measurements at a single turning point, gz = 2.10, they concluded that an unusual 
nitrogen, " N l " , is close to the Η-cluster but probably not directly coordinating. Some 
indication for a second nitrogen, "N2", was also presented. No proposal was made for 
the chemical nature of " N l " and "N2" [11]. We have not found any indication for a 
nitrogen equivalent to "N2" in D. vulgaris or M.ebdenii Fe-hydrogenase. 
The unusual nuclear quadrupole parameters of the nitrogen nucleus we have iden­
tified at the gz position of both species (K = 1.2 MHz, η « 0.3) are quite similar 
to those reported earlier for " N l " in C.pasteunanum hydrogenase [11]. Apparently 
this nitrogen is present in the active site of all Fe-hydrogenases. The large nuclear 
quadrupole coupling value exceeds values for nitrogen belonging to the peptide back­
bone that have been reported earlier [19, 20]. These authors found values for the 
nuclear quadrupole coupling constant К (e2qQ/4h) of 0.83 MHz. Also nitrogen in­
teractions from the peptide backbone with an iron sulfur cluster have been measured 
with ESEEM [21, 22]. There, values for К between 0.76 MHz and 0.83 MHz are 
reported with the HFI at around 1 MHz. The value for К of 1.2 MHz combined with 
a much larger hyperfine interaction found for all Fe-hydrogenases investigated with 
pulsed EPR must therefore arise from a different type of nitrogen interaction. 
A large collection of nuclear quadrupole coupling constants for various nitrogen 
compounds have been obtained with zero field nuclear quadrupole resonance, NMR 
and ESEEM measurements [23]. The number of compounds with a very large NQI 
(K > 1 MHz) in combination with a low asymmetry parameter is limited to some 
amines, heterocyclic conjugated systems (pyridines) and triple bound nitrogen like 
N2 and CN. Of these compounds only the last one is a likely candidate for a non­
protein ligand. The NQI parameters for cyanide compounds vary and can be as 
high as К = 1.25 MHz in combination with a small asymmetry parameter. Earlier 
ENDOR and ESEEM studies on model complexes of low spin iron coordinated by 
cyanide ([Fe(CN)6]
3") doped in a host crystal of KCl [24] or K 3 [Co(CN)6] [25] also 
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showed high values for К around 0.95 MHz and η varying between 0.04 and 0.32. The 
1 4 N hyperfine tensor measured in those complexes was almost axial. The values for 
the hyperfine interaction at the p-turning positions of the Η-cluster spectrum from 
M.elsdenii hydrogenase showed also an axial hyperfine interaction with anisotropy of 
the same order. 
Small non-protein ligands were already found in the crystal structure of Ni-Fe 
hydrogenase. In the published structure [3] three non-protein ligands to the Fe were 
originally modeled as water molecules. However, refined structural data [4] and FTIR 
studies on 1 3 C and 1 5 N enriched hydrogenase [5, 6] suggest for Ni-Fe hydrogenase the 
coordination of two cyanide molecules and one carbon monoxide molecule to the 
single iron of the active site. Preliminary FTIR measurements on Fe-hydrogenase 
from D.vulgaris and M.elsdenii showed similarities between the spectra from Ni-Fe 
hydrogenases and Fe-hydrogenases in the 1800 - 2100 c m - 1 region. Combining these 
findings with our ESEEM data of Fe-only hydrogenases that indicate the presence 
of one or more cyanide molecules coordinated to the Η-cluster, we are tempted to 
conclude that these ligands must be forming a unique and essential part of the hy­
drogenases. This cyanide must be formed during biosynthesis because no cyanide 
has been added during the bacterial growth or the protein purification afterwards. 
It is therefore expected that this non-exchangeable cyanide is well buried inside the 
enzyme just like in the Ni-Fe hydrogenase. The origin of the cyanide is not known for 
the Ni-Fe hydrogenase. Rey et oí. [26] have proposed that the carbonyl moiety might 
originate from N10-formyltetrahydrofolate, which is a putative cofactor of the hydX 
gene product. Additional information could be obtained by replacement of 14N by 
15N but attempts to grow D.vulgans on 15N enriched medium were unsuccessful so 
far due to the fact that sufficient amounts of hydrogenase can only be obtained when 
D.vulgans is grown on a rich medium, i.e. with yeast extract. 
The other nitrogen identified in the gy and gx ESEEM spectra of D. vulgans 
is assigned to a ligand present only in the deactivated Η-cluster. Earlier ESEEM 
and HYSCORE measurements on Rieske type Fe-S centers in enzymes [27, 28, 29] 
showed nitrogen interactions with comparable nuclear quadrupole coupling values 
within the range of imino nitrogens of imidazole (K = 0.48 - 0.71 MHz, η — 0.69 -
0.25 [30]). These nitrogens were assigned to direct coordination of the two imidazole 
ligands. The coordination of two histidines to the iron-sulfur cluster was confirmed 
when the three dimensional structure of a soluble fragment of the Rieske iron-sulfur 
protein from the cytochrome bc\ complex was resolved [31]. The structure of the 
Η-cluster is yet unknown so direct comparison between the Rieske type complex and 
hydrogenase is not possible but nuclear quadrupole coupling values are a distinct 
property of the nitrogen involved and not much influenced by coordination. The high 
hyperfine interaction between the (presumably imidazole) ligand and the Η-cluster is 
comparable with the hyperfine interaction measured for the 2Fe-2S cluster in Rieske 
type proteins. This indicates a direct coordination of the nitrogen to a iron atom with 
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Figure 6.8: Part of the amino acid sequence of the H-cluster coordinating domain 
of Fe-hydrogenases. From top to bottom: D.vulgans, strain Hildenborough [33], 
D.vulgans, strain Monticello [34], C.pasteurianum [35], Cacetobutylicum P262 [36], 
Cacetobutylicum ATCC 824 [37], the hydC gene from D.vulgaris [38] and the NADP-
reducing hydrogenase from D. fructosovorans [39]. The two conserved cysteines and the 
histidine residue in this region have been boxed. In the hydC gene the histidine residue is 
shifted one place to the N-terminal end. 
high spin density of the cluster. 
The mechanism for hydrogen reduction and oxidation by hydrogenases is not 
known in detail. There is however agreement [1, 32] about a general scheme in which 
hydrogen at the active site is heterolytically split into a proton and a hydride (H~), 
the latter remaining bound to the metal cluster. The proton must thus be transferred 
to a accepting base, possibly a histidine group. The interaction with an imidazole ring 
in the inactive state is in agreement with this involvement of a histidine. If we com­
pare the amino acid sequences of Fe-only hydrogenases several conserved regions can 
be recognized. Two regions with the characteristic ferredoxin-type [4Fe-4S] cubane 
binding motif, C-X-X-C-X-X-C-X-X-X-C-P, are present in all sequences. Some Fe-
hydrogenases have upstream two additional patterns of four cysteine each to bind 
two more clusters, presumably, a [4Fe-4S] cubane and a [2Fe-2S] dinuclear cluster 
[35]. Towards the C-terminus all Fe-hydrogenases have an unusual conserved pattern 
of five Cys (and two Met and several Glu/Asp). It is believed that the Η-cluster is 
bound by (some of) these five Cys [35]. In this region we find the single His residue 
conserved in all Fe-hydrogenase sequences. (See figure 6.8). Only in the hydC se­
quence this His does not exactly align. However, no expression product of the hydC 
gene has been detected. We therefore believe that the Η-cluster is bound by this area 
and the histidine present here is the proton-accepting base in the H2 reduction, and 
also that the inactivation of the Η-cluster is accompanied by binding of this histidine 
to the cluster. 
This situation of a histidine in close proximity to the active site is different from 
the structure of Ni-Fe hydrogenase isolated from Desulfovibrio gigas where the active 
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site consists of a iron and nickel atom, connected by four cysteine groups. From the 
crystal structure [3] a proton transfer pathway was deduced from the surface to the 
active site consisting of four conserved histidines and a glutamate residue. Earlier 
pulse EPR investigations of D.gigas hydrogenase had suggested the coordination of a 
histidyl group to the Ni atom [40]. There is, however, a large distance between the 
nearest histidine residue and the Ni atom. Also the hyperfine interaction we derived 
from the published spectra (2.5 MHz) is to weak for direct coordination of a histidine 
group. An explanation might be that the spin is delocalized over the active site 
including the bridging sulfurs. Indeed, the distance from this histidine (His72) to the 
nearest cysteine (Cys533)2 is only 3.48 Â, therefore it is possible that the interaction 
measured by Chapman et al. [40] is between this histidine and the spin density on 
the Cys533 sulfur. 
Until the structure of the Η-cluster in Fe-hydrogenase is resolved a more detailed 
comparison between the mechanism of Ni-Fe hydrogenases and Fe-hydrogenases is not 
possible. The present ESEEM data are not sufficiently detailed to allow extraction 
of geometrical parameters from the anisotropic lineshapes of the ID and 2D spectra. 
Multi-frequency ESEEM experiments up to 18 GHz would enable us to measure with 
exact cancellation of the nitrogen hyperfine interaction at the gy and gx position. This 
may resolve the 1 4 N magnetic interaction tensors to greater detail so that a clearer 
picture may arise of the active center. 
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Chapter 7 
High-frequency E P R and 
pulsed Q-band E N D O R 
studies on the origin of the 
Hydrogen Bond in Tyrosyl 
Radicals of Ribonucleotide 
Reductase R2 Proteins from 
Mouse and Herpes Simplex 
Virus type l 1 
The ^-tensor of the tyrosyl radical present in active R2 protein of ribonucleotide 
reductase is anisotropic and the ^-component is influenced by hydrogen bonding to 
the oxygen of the tyrosyl ring. We have studied the tyrosyl radical in the R2 protein of 
Eschenchia coli, mouse and herpes simplex virus type 1 (HSVI) with high-frequency 
EPR and pulsed ENDOR after reconstitution in D2O. From the high-frequency EPR 
measurements the ^-tensor of the radical in HSV1 RNR R2 was found to be identical 
to that in mouse R2, indicating the presence of a hydrogen bond to the phenolic 
oxygen in both cases, and in contrast to E. coli R2. 
The pulsed ENDOR spectra confirmed the absence of an exchangeable proton near 
the tyrosyl radical in E. coli R2. For mouse and HSV1 R2 a clear ENDOR signal of 
exchanged deuterium was found with a hyperfine splitting of -0.53 MHz (mouse) and 
-0.56 MHz (HSV1). This was interpreted as a proton at a distance of 1.89 Â (mouse) 
1 Slightly modificateci from: P.J. van Dam, J .-P. Willems, P.P. Schmidt, S. Pötsch, A.-L. Barra, 
W.R. Hagen, B.M. Hoffman, K.K. Andersson and A. Graslund (1998) J. Am. Chem. Soc. 120, 
5080-5085 
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and 1.86 Â (HSV1) with an orientation, derived from simulations, in the plane of the 
tyrosyl ring. The most likely origin of this proton is the water ligand at Fel. This is 
in contrast with photosystem II where the hydrogen bonding to the radical Υ'Ό was 
formed by a nearby histidine. 
The presence of the hydrogen bond to the tyrosyl radical may be related to the 
faster spin-lattice relaxation for the mouse and HSV1 radical compared to the E. coli 
radical, as measured before by Galli et al. [J. Am. Chem. Soc. 117 (1995) 740-
746]. It seems therefore likely that the distance between the tyrosyl radical and the 
iron-oxygen cluster in mouse and HSV1 R2 proteins is shorter compared to E. coli 
R2. Since the tyrosyl radicals in the HSV1 and mouse R2 proteins are much more 
accessible to the solvent, the hydrogen bond may play a useful role in stabilizing the 
tyrosyl radical. 
7.1 Introduction to Ribonucleotide Reductase I 
The highly regulated enzyme ribonucleotide reductase (RNR) catalyzes the reduction 
of ribonucleotides to deoxyribonucleotides which are precursors in the synthesis of 
DNA in all living organisms [1]. Several classes of RNR have been described with 
HSH H. 
В SH SH RO 0 в s — s 
Figure 7.1: Reduction of ribonucleoside diphosphate to 2'-deoxyribonucleoside diphos­
phate. First, a hydrogen atom is abstracted from the C-3' carbon, followed by the ab­
straction of the hydroxyl group of C-2'. This step is followed by reduction by the dithiol 
groups. Adapted from Reichard [1] 
different cofactors [2, 3, 4, 5, 6], which are all needed as a source of free radicals 
which can generate a postulated thiyl-radical in the active site [2, 7, 8]. These thiyl-
radicals are able to initiate catalysis by abstracting the НЗ-hydrogen from the ribose 
moiety of the different ribonucleotides (for recent reviews on general mechanisms of 
the aerobic and anaerobic classes of RNR and different radical-generating system see 
[1, 2, 3, 4, 5, 6, 7, 8]). Class I RNR enzymes as described in this work contain a 
stable tyrosyl radical of a neutral phenolic type and a diferric iron-oxygen center 
in the catalytically active form of the smaller subunit protein R2. Free radicals on 
tyrosyl residues have been found in RNR from several different sources, as well as in 
photosystem II (PS II) and prostaglandin H synthase [9, 10, 11]. 
Class I RNR consists of a 1:1 complex of two proteins, Rl and R2, each of which is 
a homodimer. The crystal structures of Escherichia coli proteins Rl and R2 have been 
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determined [12,13, 14]. Model building studies of the R1:R2 complex suggest that the 
radical/iron site in the E. coli RNR-R2 is about 35 Â away from the substrate binding 
active site in protein Rl [12]. Therefore, a long electron/proton (H° radical) transfer 
path between the two sites is needed. The tyrosine residue that will become the stable 
deprotonated tyrosyl radical, which is necessary for normal enzymatic activity, is 
found at a distance of 5 Ä from the closest iron (Fel) of the iron-oxygen cluster in the 
E. coli R2 protein in the so called met-state without radical. The three dimensional 
structure of active radical containing R2 protein is not known. The fate of the phenolic 
hydrogen on the tyrosine, which is lost when the tyrosyl radical is formed in RNR-R2, 
may be of importance for understanding the long range radical (possibly accompanied 
by a proton) transfer that is postulated to occur in the enzymatic reaction and in the 
generation of the radical [15, 16, 17, 18, 19, 20, 21]. 
The crystal structure of the mouse R2 protein has been resolved recently [14], how-
ever, the iron-oxygen cluster was lacking one of the iron atoms. No three-dimensional 
structures of any of the Herpes simplex type 1 (HSV1) RNR proteins are known. 
Tyrosyl radicals in the class I RNR exhibit differences in dihedral angles of the 
tyrosyl /^-methylene protons [22, 23]. Also, high frequency EPR studies showed dif-
ferences in the g-value anisotropy between different species [24]. The radicals from E. 
coli and Salmonella typhimunum RNR have a relatively large ^-anisotropy with the 
low field tensor component (gi « 2.009) directed along the C-0 bond of the tyrosyl 
ring [25]. The tyrosyl radical in mouse RNR had a lower gi value of 2.0076 [24], sim-
ilar to that observed for the dark stable tyrosyl radical (Ypj) in PSII [26, 27]. Based 
on a comparison with Υ'Ό and model complexes, this difference in g\ value between 
E. coli R2 and mouse R2 has been interpreted for the mouse R2 radical and the ΥΌ 
radical as the result of a hydrogen bond with a nearby hydrogen. This hydrogen bond 
is absent in E. coli and S. typhimurium RNR. This was confirmed in ESEEM and 
ENDOR studies of the E. coli RNR-R2 radical, which failed to detect any solvent 
exchangeable proton close to the radical [28]. 
To further catalog these different proteins we have extended the series of high-
frequency EPR measurements on RNR R2 to HS VI. In addition to these measure­
ments we have done 35 GHz pulsed ENDOR experiments in order to determine the 
distance(s) and orientation(s) of the solvent exchangeable proton(s) with respect to 
the tyrosyl ring in the RNR R2 protein from mouse, herpes and E.coli RNR-R2. In 
this study we demonstrate for the first time the presence of a water exchangeable 
proton that forms a hydrogen bridge to the tyrosyl radical in the mouse and HSV1 
R2 proteins and which is absent in the E, coli R2 protein. 
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7.2 Materials and Methods 
Sample preparation 
Recombinant mouse and HSV1 R2 proteins were prepared as previously reported 
[29]. Active mouse and HSV1 proteins were produced from iron-free apo-proteins 
by reconstitution in 50 mM Tris-HCl, pH 7.6, 100 mM KCl with ferrous iron and 
oxygen as previously described [30, 31], using 6 Fe(II) per RNR-R2. Exchange of apo­
protein and reconstitution in 99.5% D2O was done using deuterated buffer corrected 
for deuterium effects and with centrifuge columns of Sephadex G25, described before 
[30, 31]. After reconstitution in H2O or D2O buffer (corrected for deuterium effects) 
the samples were transferred into 50 mM Tris-HCl or 100 mM Tris-DCl at pH 7.6, 
100 mM KCl in H2O or D2O using a Sephadex G25 centrifuge columns, thereby 
removing excess iron. Finally glycerol was slowly added to a final concentration of 
20% (v/v). The E. coli RNR-R2 was used as isolated in active form [32] in 50 mM Tris-
HCl pH 7.5 and 100 mM KCl. The deuterated E. coli R2 sample was exchanged into 
D2O, but not reconstituted in D2O, using deuterated buffer with centrifuge columns 
as for the mouse and HSV1 R2 proteins. The iron and radical content of the samples 
were as previously reported [29, 31, 32] judged from light absorption spectra and EPR 
characteristics. All samples were checked by X-band EPR in the range 25 to 77 К 
and showed previously reported behavior [30]. For the E, coli and mouse samples the 
radical/protein ratio was above 1 (theoretically maximum 2), while the HSV1 radical 
content was 0.3 per protein R2. 
130 GHz EPR spectroscopy 
The high-frequency EPR spectrometer (130 GHz) is based on a free running fixed 
frequency source in combination with a frequency tunable single mode cylindrical 
resonator (TEon). Millimeter waves are generated by using higher harmonics of a di­
electric resonator stabilized transistor oscillator at 8 GHz. These 130 GHz harmonics 
were further amplified via an injection locked IMPATT amplifier. A Bolometer (InSb) 
immersed in liquid helium was used as microwave detector. A wide bore (65 mm) 
resistive Bitter magnet of the High Field Magnet Laboratory in Nijmegen that is 
capable of generating fields up to 15 Τ was used for the magnetic field [33]. Low 
temperatures were obtained using an Oxford CF200 flow cryostat. Samples were put 
into quartz capillaries (o.d. 0.6 mm) and stored at -18° C. The radicals remained 
stable for months. 
The high-frequency EPR spectra of the tyrosyl radical axe recorded as dispersion 
signal in phase with the field modulation [34]. This is the result of the experimental 
conditions: a high B\ field at these shorter wavelengths in combination with a high 
modulation frequency (20 kHz) and a spin-lattice relaxation at 5 К of Ti = 50 ms 
[30]. The condition umTi > 1, required for rapid passage effects [35], is fulfilled 
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leading to the shape of a negative, unmodulated absorption signal [36]. Numerical 
differentiation was used to present the spectra in the common derivative lineshape of 
EPR spectra. 
For calibration of the magnetic field a small amount of burned Mg (MgO) with 
trace amounts of manganese was coated onto the wall of the plunger of the cavity. 
The positions of the 6 lines belonging to M n 2 + can be measured with high accuracy at 
conventional frequency (Bruker ESP300 spectrometer in combination with the ER035 
Gauss meter). The line positions at higher frequency are then calculated as described 
by Burghaus [37] and served as reference for the external magnetic field. 
245 GHz EPR spectroscopy 
The 245 GHz EPR spectrometer is a home built multifrequency spectrometer, mea­
suring simply the transmission of the exciting light through the sample. The main 
frequency source is an optically pumped far infra-red laser. The 245 GHz line (λ = 
1223.67 μπι) is obtained using methanol gas for the FIR laser. A small modulation 
field is superimposed to the main field so that the derivative of the transmission is 
recorded. An InSb bolometer (QMC Instruments) is used for the detection, enabling 
to modulate the small field at 10 kHz. The main magnetic field is provided by a 
superconducting magnet (Cryogenics Consultant), which generates fields up to 12 Τ 
[24, 25, 38, 39]. 
ENDOR Spectroscopy 
A description of the 35 GHz pulsed ENDOR spectrometer employed in this study has 
been published recently [40]. Deuterium ENDOR spectra were collected using the 
Mims stimulated-echo ENDOR pulse sequence ( f ~ r ~ f — RFpulse — f — τ — echo) 
[41, 42]. Pulsed ENDOR spectra, measured with this sequence are hampered by the 
so called dead-spots depending on the pulse interval r and the hyperfine coupling A. 
The ENDOR response, R, depends on both these quantities according to: 
Яос1-сов(2тгАт). (7.1) 
Undistorted lineshapes that are essential for accurate simulations can only be 
expected in the case that Ar < \ [43]. The minimum value of r that can be used is 
determined by the deadtime of the resonator. In our pulsed ENDOR measurements 
a r value of 480 ns was used, implicating that the maximal observable hyperfine 
coupling is 1.05 MHz, equal to an exchanged proton with a coupling of 6.8 MHz. 
The deuterium ENDOR signal obtained in this way consists of a doublet centered at 
i/o and split by A D , with an additional splitting caused by the nuclear quadrupole 
interaction. In order to facilitate a comparison the 35 GHz pulsed ENDOR deuterium 
spectra have been centered around the deuterium Larmor frequency. 
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Figure 7.2: High-frequency (130 GHz) EPR spectra of the tyrosyl radical in RNR R2 from 
Eco//0.57 mM (bottom), mouse 0.75 mM (middle) and HSV1 0.25 mM (top). Due to the 
hydrogen bond the gi value is reduced compared to R2 from E. coli. Microwave frequency 
129.97 GHz; Modulation frequency: 20 kHz; Modulation amplitude: 2 G; temperature 
5K . 
The weakly anisotropic (/-tensor of a tyrosyl radical gives very poor orientation 
selection even at 35 GHz, but analysis of the 2H hyperfine and quadrupole tensors 
could nonetheless be performed by collecting spectra across the EPR envelope and 
analyzing according to procedures described before [44, 45, 46]. ENDOR simulations 
were performed on a PC using the program Gensim, a modified version of the sim-
ulation program GENDOR, which speeds calculations when orientation selectivity is 
poor as in this case. 
7.3 Results 
High-frequency EPR spectra were recorded of the tyrosyl radical in RNR R2 from E, 
coli, mouse and HSV1. The 130 GHz spectra are shown in figure 7.2. At X-band the 
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8.72 8.73 8.74 
Magnetic field [T] 
8.76 
Figure 7.3: The 245 GHz spectra of the mouse (from Schmidt et a/.[24]) and HSV1 
R2 tyrosyl radical. Microwave frequency, 244.997 Field modulation; 3.5 G; Modulation 
frequency, 10 kHz; Temperature, 5 K. 
EPR spectrum is dominated by a strong interaction of the /3-methylene proton (« 
20 G). Due to the combination of rapid passage effects, limited field homogeneity of 
the Bitter magnet and contributions from weakly interacting protons these features 
are lost in the 130 GHz spectra. Even at this high-frequency the #2 and g$ components 
of the ^-tensor are not completely resolved. However, it can be seen clearly that the 
gi values of the radical in R2 from HSV1 and mouse are lowered compared to the 
radical spectrum obtained from E. coli R2. At 245 GHz, g^ and #3 are separated and 
also the hyperfine splitting of the /3-methylene protons is visible (figure 7.3). Prom 
these spectra the complete ^-tensor of the tyrosyl radical in HSV1 R2 was derived, the 
principal components were g\ = 2.0076, #2 = 2.0043 and g$ = 2.0022. These values are 
identical to those determined previously for the mouse R2 radical [24]. This spectrum 
of the mouse R2 radical has been included in figure 7.3. The HS VI high frequency 
spectrum could be simulated with approximately the the same parameters [47] as for 
the mouse protein [25, 24] (simulations not shown). 
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Species 
E. coli R2 
mouse R2 
herpes (HSV1) R2 
S.typhimurium R2 
Y'D in spinach PSH 













Un et α/. [48] 
Schmidt et al [24] 
this work 
Allard et al [25] 
Un et al [27] 
Un et al [48] 
Fasanella e¿ α/. [49] 
Table 7.1: The g\ values for tyrosyl radicals in RNR measured by high-frequency EPR 
spectroscopy compared to previously reported g\ values of tyrosyl radicals. 
The g\ -components derived from these measurements are presented in table 7.1. 
For comparison, the previously determined g\ values of the tyrosyl radical in RNR 
R2 from E.coli [27], 5. typhimurium [25] and mouse [24] are included together with 
the g\ values of the tyrosyl radical Y'D and Y¿and in photosystem II [26, 48, 27] and 
the hydrochloric tyrosine radical [49]. The #2 алсі </з values of all the tyrosyl radicals 
studied so far are independent of the surroundings. Three (mouse, photosystem II 
and the hydrochloric tyrosine radical) of the five species investigated so far, have a 
relatively low g\ value. This has been explained with a lower spin density on the 
phenoxy-oxygen due to the presence of a hydrogen bond [27, 24, 48]. Recently, it has 
been shown [50] that in Υ'Ό a nearby histidine (His 189) forms the hydrogen bond. 
As was suggested by Un et al [27] the geometrical information that can be 
obtained about this hydrogen bond is limited when using EPR solely. More detailed 
information about this hydrogen bond and the orientation of the hydrogen atom 
with respect to the tyrosyl radical can be obtained with ENDOR spectroscopy. For 
this purpose the samples were reconstituted in D2O and studied with Q-band pulsed 
ENDOR in order to measure signals from the exchangeable protons. 
Figure 7.4 shows the 35 GHz Mims pulsed deuterium ENDOR spectra of HSVI, 
mouse, and E.coli RNR R2 in D2O buffer, at two of the several field values where 
spectra were collected: one field value corresponds to the maximum echo intensity, 
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Figure 7.4: 35 GHz pulsed Mims ENDOR spectra of RNR R2 in D 2 0 buffer solution. 
Solid lines: experimental spectra; dashed lines: simulated spectra. The parameters for 
the simulations are listed in table 7.2. The protein was obtained from three different 
sources: HSVl r mouse and E. coli protein, (a) Spectra taken at a magnetic field position 
corresponding to the maximum echo intensity (b) Spectra taken at the high field edge of 
the EPR envelope. All spectra have been centered around the nuclear deuterium Larmor 
frequency. Conditions: RF pulse width: 60 ßs\ τ = 480 ns; microwave pulse width: 48 
ns. temperature: 2 K. 
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the other corresponds to the high field 'edge' of the EPR envelope. No deuterium 
signal could be found for the E. coli protein anywhere on the EPR envelope, indicating 
that there is no exchangeable proton near the tyrosyl radical. This suggests that the 
pocket around the E. coli tyrosyl radical is inaccessible for solvent protons. This is 
in contrast with recent measurements by Force et al [51] where a deuterium matrix 
signal was observed in R2 from E. coli. Also in that study they did not observe 
any coordinated deuterium for E. coli R2. However, they exchanged their samples 
much longer (5h) in D2O suggesting that the exchange is much slower in E. coli R2 
compared to the mouse and HSV1 R2 proteins. 
In contrast to the E. coli spectra, the pulsed ENDOR spectra of the HSV1 and the 
mouse protein are dominated by a doublet of doublets which is characteristic of the 
interaction with a single deuterium atom; this is particularly clear for the spectra of 
the mouse enzyme in figure 7.4b. These features are the 'perpendicular' singularities 
of an axial hyperfine tensor with a primary doublet splitting of Aj_(D) = -0.53 MHz 
for mouse and Aj_ (D) = -0.56 MHz for HSV1 (corresponding to a proton hyperfine 
coupling of-3.45 MHz for mouse and -3.65 MHz for HSV1), with further splitting as a 
result of the deuterium quadrupole coupling. For both HSV1 and mouse R2 proteins 
these signals are assigned to a deuteron hydrogen bonded to the tyrosyl oxygen atom. 
At the magnetic field position corresponding to the maximum echo intensity (fig-
ure 7.4a), both ENDOR spectra of the HSVI and mouse protein also show appreciable 
intensity of the matrix deuterone at the Larmor frequency of deuterium. These "ma-
trix" signals are attributed to nearby, but not hydrogen bonded, deuterium nuclei. 
The spectrum at the echo maximum (figure 7.4a) for the HSV1 enzyme shows 
broad 'wings' with edges at ±0.7 MHz, that arise from molecules for which the ex-
ternal field hes roughly along the direction of the largest hyperfine interaction. The 
absence of this feature at the corresponding field for the mouse deuteron signal implies 
that the hyperfine and quadrupole tensors in the two R2 proteins have different orien-
tations with respect to the ^-tensor. The full sets of spectra collected across the EPR 
envelopes of the two enzymes were analyzed to obtain the hyperfine and quadrupole 
tensors that are presented in table 7.2. The hyperfine tensors for both the HSV1 and 
the mouse enzymes are purely dipolar as expected for a hydrogen bond to a tyrosyl 
residue [52]. In this case the unique axis of the hyperfine tensor points along the 
O-H/D bond. If we assume the ^-tensor to be oriented as described by Hoganson et 
al. [28] and Un et al. [27] (i.e. the gì component is directed along the carbon-oxygen 
bond and the g% component hes perpendicular to the plane of the tyrosyl ring), then 
the orientation of this unique axis relative to the tyrosyl ring for the two enzymes is 
as presented in figure 7.5. In the mouse protein the O-Η bond lies in the gi-gs plane, 
which is normal to the ring and passing through the C4-C1-0 axis, and is rotated 
20° out of the tyrosyl plane. In the HSV1 protein the O-Η bond is similarly out of 
plane and is rotated away from the C-0 bond by 40°. The quadrupole tensors for 
both enzymes have the same principal values but different orientations. The largest 
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Table 7.2: Simulation parameters of the deuterium ENDOR spectra of the mouse RNR R2 
and HSV1 RNR R2 spectra as shown in figure 7.4. The EPR linewidth (FWHM, Gaussian) 
used was 60 MHz, the ENDOR linewidth (FWHM, Gaussian) was 0.08 MHz. The ^-values 
needed for the simulations were taken from Schmidt et ai. [24]. Euler angles relating the 
^-tensor and the Α-tensor used for the simulation of the mouse spectra: φ = 0° , θ = 20° 
and φ = 0 o . The hyperfine and quadrupole tensor are taken to be coaxial. HSV1: 
φ = 0°, θ = 20°, ψ = 40° also with coinciding hyperfine and quadrupole tensors. These 
orientations are depicted in figure 7.5. 
quadrupole component is slightly smaller to that reported by Force et al. for PSII 
[52], 0.07 MHz versus 0.1 MHz. 
The hyperfine tensor components for the HSV1 enzyme are similar to those re­
ported for Υ'Ό in PSII [52] while the hyperfine tensor values for mouse RNR are 
slightly smaller. From the dipolar hyperfine coupling the distance between the H-
bonded proton/deuteron and the oxygen of the tyrosyl ring can be calculated using 




where p0 is the unpaired spin density on the tyrosyl oxygen, ge the electron ^-factor, 
gjq the nuclear ^-factor, ße the electron Bohr magneton and Д the nuclear Bohr 
magneton. 
The hydrogen bond distance that can be calculated with this equation depends 
on the determined phenolic oxygen spin density (po)- Theoretical calculations based 
on density functional theory indicate that an isolated tyrosyl radical should have an 
unpaired spin density on the oxygen atom of 0.37 and that this value may be reduced 
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2 0 - Ц 
g, 
Figure 7.5: Orientation of the maximum hyperfine tensor component ( A m a x ) with respect 
to the molecular frame. The p-tensor has been indicated by the dashed arrows, Am a^ is 
depicted by the solid arrow. The oxygen atom is represented by the light grey circle. The 
accuracy of the numerical values of the angles is 10°. (a) mouse tyrosyl RNR R2. (b) 
HSV1 tyrosyl RNR R2. 
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by about 0.05 in the presence of a hydrogen bond [23]. Other calculations by Farrar 
et al. [34] showed less reduction of the spin density of the phenolic oxygen of about 
0.024 for a hydrogen bond of 1.7 Â. 
Recent experimental results on tyrosyl radicals in frozen aqueous solution, E. coli 
protein R2 and Υ'Ό of photosystem II yielded phenolic oxygen spin density values of 
0.26, 0.29 and 0.28, respectively [53, 28, 54], determined from 1 7 0 hyperfine couplings 
using emperical values for the McConnell rules. Although the hyperfine couplings are 
determined with good accuracy, the exact magnitude of the spin density is still some­
what uncertain due to the uncertainty in the parameters that were used [23]. However, 
all tyrosyl radicals seem to have very similar spin density on the phenolic oxygen, with 
only small variations probably due to the presence or absence of a hydrogen bond. 
An experimental comparison of Dole et al. [54] between RNR R2 tyrosyl radical from 
E. coli and the dark stable radical in PSII yielded a small reduction of the oxygen 
spin density of only 0.01. 
For the tyrosyl radical in mouse RNR R2 a spin density of 0.34 on the phenolic 
oxygen was reported [55]. Compared with the more reliable values determined with 
isotope substitution this value is probably incorrect. Therefore, for the hydrogen 
bond distance calculation in this paper we have assumed a value of 0.3 for the spin 
density on the phenolic oxygen of the mouse and Herpes tyrosyl radical. With this 
value we find a hydrogen bond distance of 1.89 Â for the mouse tyrosyl radical and 
1.86 Â for the HSVI tyrosyl radical2. This distance is comparable to the hydrogen 
bond distance in the dark stable radical of photosystem II when more reliable values 
for the phenolic oxygen spin density are used [52, 54]. 
7.4 Discussion 
The combined results of the Q-band ENDOR measurements and the differences in 
the anisotropic ^-values between the E. coli RNR R2 protein on one hand and the 
mouse and HSV1 R2 proteins on the other hand show the presence of a hydrogen 
bonded tyrosyl radical in the latter two cases, that is absent in E. coli R2. A similar 
hydrogen bond to the phenoxy oxygen of the tyrosyl ring has been found previously 
for the dark stable PSII radical [52]. Consistently in all three cases the lowering of 
the <7i values is related to the presence of a hydrogen bond. This bond is responsible 
for the lowering of the unpaired spin density on the tyrosyl oxygen. 
2The distances derived with (pulse) ENDOR measurements depend on the oxygen spin density of 
the radicals. For the systems studied here this value is not precisely known and may vary somewhat 
between the different species, where both distance and angle of the hydrogen bond may effect the 
spin density. Using equation 7.2 a 10% error in spin density would thus lead to a corresponding 3% 
error in distance r, i.e. about 0.05 Â. 
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Hydrogen-bond partner 
The formation of the tyrosyl radical in ribonucleotide reductase is by the abstraction 
of a proton and an electron from the tyrosyl ring. The question remains if the hy­
drogen bond measured with high-frequency EPR and pulsed ENDOR is related to 
this transferred proton. As previously mentioned, no crystal structures have been 
reported for the active, i.e. radical containing, forms of any R2 proteins. However, 
the three-dimensional structure of apo-, diferrous and diferric (met) forms of E. coli 
protein [13, 56] are known as well as the structure of the semi-apo mouse R2 protein 
[14]. For the E. coli R2 protein it was shown that the change from the apo- to the 
diferric protein was accompanied by a minor movement of the tyrosine Y122 form­
ing the radical in combination with so called carboxylate shifts of the iron ligands 
[56, 57]. For the mouse RNR structures only the semi-apo form is known, in which 
only the Fe2 site furthest away from the radical is occupied. This was probably due to 
the crystallization at pH 4.7. Therefore, some changes can be expected in the active 
mouse R2 protein. The structure of the HSV1 R2 is not known yet, but comparison 
of the amino acid sequences reveals a strong homology between mouse and HSV1 R2 
[58]. Since no hydrogen bond between the oxygen of the tyrosyl ring and a nearby 
amino acid residue could be found in neither the diferric (met) E. coli R2 nor the 
semi-apo mouse R2, a likely candidate for forming a hydrogen bridge is an enclosed 
water molecule. 
Three different water molecules in the vicinity of the tyrosyl radical have been 
found in the different crystal structures of the R2 protein which we label for this 
discussion А, В and С The water molecule A found in the crystal structure of the E. 
coli (met) R2 protein is coordinated to Fei in the iron-oxygen cluster and probably 
also present in the mouse and HSV1 R2 proteins. In the E. coli R2, the Y122-phenol-
oxygen distance to the water molecule A oxygen is 4.3 Â, which means that there 
is no hydrogen bonding possible. In the mouse semi-apo-R2 structure the oxygen of 
water molecule В is between the presumed Fel site and the tyrosyl radical (Y177) 
at a distance of 3.0 Á from Y177-phenol-oxygen, while water molecule С is on the 
opposite side of the tyrosyl plane seen from the presumed Fel site with a 0-0 distance 
of 2.7 Â. Water molecules В and С are shown in figure 7 in Kauppi et al [14]3. 
Both water molecules В and С are not observed in the diferric E. coli R2 protein 
structure. The ENDOR measurements cannot definitely distinguish which of these 
three water molecules is the most likely hydrogen bonding partner. The distance 
between water molecule С and the tyrosyl oxygen is 2.7 Â, thus after subtraction of 
the O-D bond distance the remaining distance between the deuteron and the tyrosyl 
oxygen is 2.0 Â (water molecule B) or 1.7 Â( water molecule C). Both distances are 
in close agreement with the values derived from our pulsed ENDOR measurements 
3The oxygens of the two water molecules can be found in pdb data file lXSM.pdb as atoms 2396 
(B) and 2397 (C) 
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using equation 7.2. 
In the reported mouse R2 structure the water molecules В and С are placed roughly 
in the plane of the tyrosyl and rotated away from the C-0 axis. The simulations do 
suggest a similar direction but the accuracy of these simulations is limited by the poor 
orientation selectivity of the ENDOR measurements, even at 35 GHz. 
Spin-lattice relaxation effect of the radicals 
It has been shown previously that the magnetic interaction between the free radical 
and the iron-oxygen cluster is highly variable between different species of R2 proteins. 
The strongest interaction, as observed by temperature dependent microwave satura­
tion effects on the radical, was found for HSV1 and mouse R2, with less significant 
interaction in E. coli and S. typhimurium R2 [59]. A more quantitative study using 
pulsed EPR techniques verified these results [30]. As the main source for this fast 
relaxation mechanism, a variation in the diferric exchange coupling was assumed. The 
present study shows that the difference in relaxation rate between different R2 tyrosyl 
radicals is correlated with the presence or absence of a hydrogen bond to the tyrosyl 
ring. 
The exchange and dipolar (through space) components of the spin lattice relax­
ation of the tyrosyl radical to the iron-oxygen cluster also depend on the distance r 
between the tyrosyl and the cluster. In the crystal structure of E. coli diferric R2 
protein water ligands are associated with both iron ions. These water molecules are 
believed to play a role in the radical forming reaction with molecular oxygen [60]. If 
this water ligand (water A) forms the hydrogen bond to the tyrosyl radical in mouse 
and HSV1 then the overall distance between the iron and the radical must be shorter 
in R2 from mouse and HSV1 compared to E. coli. Also water В is located between 
the cluster and the radical and might form this bridge. 
Combining these considerations with the present observations we therefore suggest 
an alternative explanation for the varying magnetic interaction, namely, a varying 
distance between the radical and the closest iron mediated by water. Two of the 
three closest water molecules are located between the cluster and the radical and are 
thus the most likely candidates to the mediating water ligand. At this moment we are 
not able to discriminate which water molecule is involved. The suggested hydrogen 
bond with an enclosed water molecule is in contrast to Y^ from PSII where it was 
shown recently [50] that the hydrogen donor is a nearby histidine (Hisl89). 
Radical stability 
In the study by Kauppi et al [14] a comparison was made between the structures of 
ribonucleotide reductase from E. coli and mouse. It was concluded that the active site 
of mouse RNR R2 is more accessible to solvent compared to RNR R2 from E. coli 
This includes a hydrophobic channel that is blocked by a tyrosine (Tyr 209) in the E. 
по BIBLIOGRAPHY 
coli R2 protein, Exchange studies of the oxygen in the diiron-oxygen cluster showed 
however, that also the site in RNR from E. coli was also accessible for solvent molecules 
[60]. The overall effect of the difference in structure is a less stable environment of 
the active site in the mouse and HSV1 R2 protein compared to RNR from E. coli and 
S. typhimurium. The stabilizing influence of the hydrogen bridge by delocalising the 
spin density of the phenoxy-oxygen may help to provide the extra stability needed for 
the more accessible (i.e. mouse and HSV1 R2) tyrosyl radicals. 
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Summary 
In this thesis with the title "Multi-Frequency EPR studies on Biological Systems' 
the application of several electron spin paramagnetic resonance techniques applied 
to biological systems are described. Electron spin resonance (ESR) or electron spin 
paramagnetic resonance (EPR) is a valuable tool for studing the electronic structure. 
In this study several advanced EPR techniques are used on biological samples that 
demonstrate the power of the multi frequency approach. 
In the development of EPR equipment X-band spectrometers (8-12 GHz) proved 
the best combination between sensitivity and availability of microwave components. 
Increasing the microwave frequency, and thus also the magnetic field has some ad-
vantages that can not be obtained with conventional low frequency spectrometers. 
These advantages are an increased spectral resolution and an enhanced sensitivity for 
samples that are limited in size. The magnetic field needed for such a spectrometer 
can be obtained with a superconducting magnet or with specially designed resistive 
magnets. In this research the resistive so-called Bitter magnets were used. In chapter 
2, 3 and 4 a description of the 130 GHz spectrometer is given together with some 
preliminary results. 
Bleomycin is an antibioticum used in the treatment of certain tumors. It is capable 
of binding to and breaking of DNA strains. In chapter 5 the copper complex of 
bleomycin and some model compounds are studied with ESEEM spectroscopy. Using 
multi-frequency ESEEM, the hyperfine and Zeeman interaction are matched to obtain 
the condition of exact cancellation. By analyzing the resulting sharp ESEEM lines 
in combination with orientation-dependent measurements we gained insight in the 
structure of this complex. 
Hydrogenases are enzymes that can generate hydrogen gas under certain con-
ditions. Within these hydrogenases a small group of 'iron-only' hydrogenases have 
a remarkably high yield of hydrogen production. The active site of these enzymes 
consists of a iron-sulfur cluster of unknown structure. In chapter 6 one dimensional 
(ESEEM) and two dimensional (HYSCORE) spectroscopy shows the involvement of a 
nearby histidine amino acid that binds to the cluster upon inactivation. Furthermore, 
evidence was found for the presence of cyanide nearby the cluster. 
A combination of the previously described EPR techniques was used in the study 
of ribonucleotide reductases (RNR). This enzyme catalyzes the reduction of ribonu-
cleotides into deoxyribonucleotides. These deoxyribonucleotides are needed in the 
formation of DNA. The active RNR contains a tyrosine radical that remains stable 
even at room temperature. High-Frequency EPR measurements of RNR obtained 
from E. coli, mouse and herpes simplex virus showed that in the latter two cases the 
gi tensor component of the tyrosyl radical was lowered compared to RNR from E. coli 
Q-band ENDOR spectra proved that this lowering of the g\ tensor component was 
the result of a hydrogen bond with a nearby water molecule. Probably, this hydrogen 
bond also plays a role in stabilizing the radical. 
Samenvatting 
In dit proefschrift met de titel 'Multi-Frequency EPR Studies on Biological Sys-
tems' vind u een beschrijving van diverse elektronspin resonantie technieken zoals die 
toegepast zijn op enkele biologische systemen. Elektronspin resonantie (ESR) maakt 
gebruik van het feit dat de spin van een elektron een eigen magneetveld tot gevolg 
heeft. Plaatsen we dit elektron nu in een extern magneetveld dan zullen de spins zich 
richten naar dat magneetveld waarbij zij de mogelijkheid hebben om zich met het 
veld mee of zich tegen het veld in te richten. Met elektromagnetische straling, in dit 
geval microgolven, kunnen we de elektronen van de ene positie in de andere brengen 
(resonantie). De energie die hiervoor nodig is kunnen we meten en op deze wijze 
wordt informatie over het elektronisch systeem verkregen. Gewoonlijk zitten elektro-
nen gepaard in hun baan (Pauli principe) en blijft er netto dus geen waarneembare 
spin over. Dit heeft als gevolg dat we alleen ongepaarde elektronen met deze techniek 
kunnen waarnemen. De belangrijkste toepassingen van deze techniek vinden we dan 
ook in het onderzoek naar radicalen en paramagnetische ionen. 
Behalve het externe magneetveld zullen ook atomen die een kernspin bezitten 
het magneetveld rondom het ongepaarde elektron beïnvloeden. Deze invloeden noe-
men we de hyperfijninteractie. Door nu de hyperfijninteractie te meten met behulp 
van ESR is het mogelijk om informatie over deze atomen te verkrijgen en dus meer 
gegevens over de (elektronische) structuur van het molecuul te krijgen. In veel gevallen 
zal de invloed van naburige kernen te klein zijn om direct in het ESR spectrum waar 
te nemen. Om toch dit soort invloeden te meten zijn speciale technieken ontwikkeld. 
De belangrijkste technieken die ook in dit onderzoek zijn gebruikt, zijn Electron Nu-
clear Double Resonance (ENDOR) en Electron Spin Envelope Modulation (ESEEM). 
Bij ENDOR worden radiogolven gebruikt om kernspins te beïnvloeden waarvan het 
resultaat zichtbaar wordt in het ESR signaal. Bij ESEEM meten we de invloed van 
naburige kernen op de vorming van de electron-spin echo. 
In de ontwikkeling van ESR apparatuur bleek al snel dat een spectrometer opge-
bouwd rondom een frequentie van 9 GHz de optimale combinatie opleverde van signaal 
en hanteerbaarheid. Dit was onder andere het gevolg van de beschikbaarheid van mi-
crogolf componenten (9 GHz, X-band wordt tevens gebruikt voor RADAR toepassin-
gen) en het benodigde magneetveld is relatief eenvoudig met een elektromagneet op te 
wekken. Door echter gebruik te maken van veel hogere microgolffrequenties (130 GHz, 
golflengte 2 mm) zal de resolutie van het spectrum toenemen en dus ook de details 
die we kunnen waarnemen. Bovendien kunnen we door de kleinere resonator volstaan 
met kleinere monsters wat een voordeel is bij veel biologische preparaten die vaak 
maar in kleine hoeveelheden beschikbaar zijn. 
Het gebruikte magneetveld bij deze spectrometers zal met dezelfde factor moeten 
toenemen als de frequentie. Dit kan met supergeleidende magneten zoals ook in de 
NMR worden gebruikt of met sterk opgevoerde elektromagneten, de Bitter magneten. 
Voor de hoogfrequente ESR metingen in dit proefschrift is gebruik gemaakt van de 
Bitter magneten in het Laboratorium voor hoge magneetvelden. Een beschrijving van 
zo'n spectrometer en de eerste resultaten hiermee verkregen vind u in de hoofdstukken 
2, 3 en 4. 
Bleomycine is een antibioticum dat in staat is om DNA ketens te breken en dat 
daarom gebruikt wordt in de behandeling van bepaalde soorten kanker. In hoofdstuk 
5 is een studie gedaan aan het koper complex van dit antibioticum met behulp van 
puls ESR waarbij gebruik is gemaakt van microgolffrequenties in het gebied tussen 
4 en 10 GHz. Hierbij is gezocht naar de frequentie waar de Zeeman en hyperfine 
interactie elkaar opheffen zodat scherpe lijnen ontstaan. Na vergelijkbare metingen 
met enkele modelsystemen van dit complex bleek nogmaals de voordelen om meerdere 
microgolfrequenties te kunnen gebruiken. 
Hydrogenases zijn enzymen die onder bepaalde omstandigheden in staat zijn om 
waterstofgas te produceren. De meest actieve hydrogenases zijn de zogenaamde 
iron-only hydrogenases waar de actieve plaats bestaat uit een onbekend aantal ijzer 
atomen. In hoofdstuk 6 zijn twee-dimensionale ESEEM technieken gebruikt om aan 
te tonen dat een histidine aminozuur, dat in de buurt van het actieve centrum wordt 
gevonden, bij deze reactie betrokken is en ook verantwoordelijk is voor de inactivatie 
van dit eiwit. Tevens volgde bevestiging van de aanwezigheid van cyanide bij het 
actieve centrum wat al eerder was gevonden voor de nikkel-ijzer hydrogenases. 
Een combinatie van diverse ESR technieken zoals eerder beschreven in dit proef-
schrift is gebruikt voor het onderzoek beschreven in het laatste hoofdstuk. Ribonu-
cleotide reductases zijn enzymen die de eerste stap katalyseren in de vorming van DNA 
uit RNA. Voor deze reactie maken zij gebruik van een radicaal dat is gelokaliseerd 
op een van de aminozuren van het eiwit. In tegenstelling tot de meeste andere radi-
calen is dit radicaal zelfs bij kamertemperatuur stabiel. Hoogfrequente ESR metingen 
aan ribonucleotide reductases verkregen uit E. coli, muis en herpes virus lieten kleine 
verschillen zien tussen de diverse soorten. In RNR uit herpes en muis zat een ver-
schuiving in het ESR spectrum in vergelijking met het spectrum van RNR uit E. coli 
Het vermoeden dat deze verschuiving wordt veroorzaakt door een waterstof brug kon 
worden aangetoond met behulp van ENDOR metingen. Waarschijnlijk speelt deze 
waterstofbrug een belangrijke rol bij de stabilisatie van het radicaal. 
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